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ABSTRACT

These lectures are intended to provide an introduction amhmeson de-
cays andCP violation. The first lecture contains a brief review of the
standard model and how the CKM matrix afid® violation arise, mixing
andC P violation in neutral meson systems, and explanation of ibanc
liness of thesin 23 measurement. The second lecture deals with the heavy
quark limit, some applications of heavy quark symmetry dreldperator
product expansion for exclusive and inclusive semilegtéhdecays. The
third lecture concerns with theoretically cle@i® violation measurements
that may become possible in the future, and some develognmmard a
better understanding of nonleptorfitdecays. The conclusions include a
subjective best buy list for the near future.
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1 Introduction to Flavor Physics: Standard Model Re-
view, Mixing and C P Violation in Neutral Mesons

1.1 Motivation

Flavor physics is the study of interactions that distinguistween the generations. In
the standard model (SM), flavor physics in the quark sectdi(ah violation in flavor
changing processes arise from the Cabibbo-Kobayashi-&eskCKM) quark mixing
matrix. The goal of the3 physics program is to precisely test this part of the theory.
In the last decade we tested the SM description of electlowaage interactions with
an accuracy that is an order of magnitude (or even more)rhibia@ before. In the
coming years tests of the flavor sector and our ability to erap flavor physics and
C'P violation beyond the SM may improve in a similar manner.

In contrast to the hierarchy problem of electroweak symynbteaking, there is
no similarly robust argument that new flavor physics museappear the electroweak
scale. Nevertheless, the flavor sector provides severdraoris for model building,
and many extensions of the SM do involve new flavor physicstheselectroweak scale
which may be observable at th factories. Flavor physics also played an important
role in the development of the SM: (i) the smallnessidf — K° mixing led to the
GIM mechanism and a calculation of the charm mass beforestdigcovered; (i)' P
violation led to the KM proposal that there should be thresegations before any third
generation fermions were discovered; and (iii) the laBje— B° mixing was the first
evidence for a very large top quark mass.

To test the SM in low energy experiments, suchBbadecays, the main obstacle is
that strong interactions become nonperturbative at lowgge® The scale dependence
of the QCD coupling constant is

as(p) = gz(M) Tt (1)

1+ 5 0o In i

This implies that at high energies (short distances) pleation theory is a useful tool.
However, at low energies (long distances) QCD becomes mampative, and it is
very hard and often impossible to do reliable calculatiofisere are two scenarios in
which making precise predictions is still possible: (i)ngsextra symmetries of QCD
(such as chiral or heavy quark symmetry); or (ii) certaincesses are determined by
short distance physics. For example, the measuremedih 8 from B — ¢ Kg is
theoretically clean because OfP invariance of the strong interaction, while inclusive
B decays are calculable with small model dependence bedaesgaite short distance
dominated. These will be explained later in detail. Somesnt is also possible to
combine different measurements with the help of symmetoietiminate uncalculable
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hadronic physics; this is the case, for examplekin— nvv, which is theoretically
clean because the form factors that enter this decay atedddgt symmetries to those
measured in semileptonic kaon decay.

These lectures fall short of providing a complete introdurcto flavor physics and
C'P violation, for which there are several excellent books aviews! ® Rather, | tried
to sample topics that illustrate the richness of the fieldh i terms of the theoreti-
cal methods and the breadth of the interesting measurem@atse omissions might
be justified as other lectures covered historical aspectbefield? lattice QCD!®
physics beyond the standard mo#efnd the experimental status and prospects in fla-
vor physicst?1¢ Unfortunately, the list of references is also far from coetel This
writeup follows closely the actual slides shown at the SLAG#&er Institute.

1.2 Standard model — bits and pieces

To define the standard model, we need to specify the gauge symrthe particle
content, and the pattern of symmetry breaking. The SM gatmeogs

Of this, SU(3). is the gauge symmetry of the strong interaction, whil&2), x U (1)y
corresponding to the electroweak theory. The particleartnis defined as three gener-
ations of the following representations

Qr(3,2)1/6, ur(3,1)23, dr(3,1)_13,
LL(172)—1/27 gR(Ll)—lu (3)

where; and L; are left-handed quark and lepton fields, ang dr, and/r are
right-handed up-type quarks, down-type quarks, and cldegeons, respectively. The
quantum numbers in Eqg. (3) are given in the same order as tlgegaoups in Eq. (2).
Finally the electroweak symmetrgU(2), x U(1)y, is broken to electromagnetism,
U(1)em, by the vacuum expectation value (VEV) of the Higgs field, 2), /-,

() = (fﬂ) @)

wherev ~ 246 GeV. Once these ingredients of the SM are specified, in prinéiple
particle physics phenomena are determined in terms of 1&peters, of which 10
correspond to the quark sector (6 masses and 4 CKM parameters

Some of the most important questions about the SM are thenafglectroweak
and flavor symmetry breaking. Electroweak symmetry is spmemusly broken by the
dimensionful VEV in Eq. (4), but it is not known yet whetheetk is an elementary



scalar Higgs patrticle corresponding#o What we do know, essentially becausés
dimensionful, is that the mass of the Higgs (or whatever isys associated with
electroweak symmetry breaking) cannot be much above thesbtalé, since in the
absence of new particles, scatteringlfbosons would violate unitarity and become
strong around a TeV. In contrast, there is no similar argurtteat flavor symmetry
breaking has to do with physics at the TeV scale. If the quars® massless then the
SM would have a globdl/ (3)q x U(3),, x U(3)s Symmetry, since the three generations
of left handed quark doublets and right handed singlets avbel indistinguishable.
This symmetry is broken by dimensionless quantities (thiea¥ia couplings that give
mass to the quarks, see Eq. (7) below)t0l)s, where B is baryon number, and
so we do not know what scale is associated with flavor symnietgking. (For the
leptons it is not even known yet whether lepton number is exvesl; see the discussion
below.) One may nevertheless hope that these scales aredretince electroweak
and flavor symmetry breaking are connected in many new physienarios. There
may be new flavor physics associated with the TeV scale, wtoakd have observable
consequences, most probably for flavor changing neutra¢cuprocesses and/or for
C P violation.

The most important question in flavor physics is to test wiiethe SM (i.e., only
virtual quarks, W, andZ interacting through CKM matrix in tree and loop diagrams)
explain all flavor changing interactions. To be able to andis question, we need
experimental precision, which is being provided by tBeactories, and theoretical
precision, which can only be achieved in a limited set of psses. Thus, the key
processes in this program are those which can teach us algbugriergy physics with
small hadronic uncertainties.

The SM so far agrees with all observed phenomena. Testinfaba sector as
precisely as possible is motivated by the facts that (i) alnadl extensions of the SM
contain new sources @' P and flavor violation; (ii) the flavor sector is a major con-
straint for model building, and may distinguish between mpéwysics models; (iii) the
observed baryon asymmetry of the Universe requirésviolation beyond the SM. If
the scale of new flavor physics is much above the electrowealk shen there will be
no observable effects iB decays, and th& factories will make precise SM measure-
ments. However, if there is new flavor physics near the eleatak scale then sizable
deviations from the SM predictions are possible, and wedcgeat detailed information
on new physics. So the pointis not only to measure CKM eleméut to overconstrain
the SM predictions by as many “redundant” measurements sstpe.

1.2.1 Flavor andC P violation in the SM

The SM is the most general renormalizable theory consistghtthe gauge symmetry
and particle content in Egs. (2) and (3). Its Lagrangian hesetparts. (The discussion
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in this section follows Ref. [7].) The kinetic terms are

Lin=—7 > (F)+ Y 0Py, ©)
groups rep’s

whereD,, = 0,+ig.G L*+igW} T"+ig'B,Y . HereL, are theSU(3) generators (0 for
singlets, and the Gell-Mann matrices,/2, for triplets), T}, are theSU(2), generators
(0 for singlets, and the Pauli matrices/2, for doublets), and” are thel/ (1), charges.
The (F,j”u)2 terms are alway§’'P conserving. Throughout these lectures we neglect a
possible(fqcn/167%) F,, F* term in the QCD Lagrangian, which violatés”. The
constraints on the electron and neutron electric dipole emasimply that the effects of
fqcep in flavor changing processes are many orders of magnitudeviibe sensitivity
of any proposed experiment (see Ref. [17] for details). Thygkiterms,

‘CHiggs = |Du¢|2 + :u2¢T¢ - )‘(¢T¢)2 ) 'UZ = IUQ/)\v (6)

cannot violateC P if there is only one Higgs doublet. With an extended Higgsaec
C'P violation would be possible. Finally, the Yukawa couplirage given by

_ . — ~ 0 1
Ly = _Y;‘? iiébdg%j - Y;?szzﬁbu%ﬂ - }/;'?Liiﬁbd%j +h.c., o= <_1 O>¢ )

(7)
wherei, j label the three generations, and the superscfigenote that the quark fields
in the interaction basis. To see th@fP violation is related to unremovable phases of
Yukawa couplings note that the terms

Yii UL dr; + YR O i, (8)
become undef’ P transformation
Yij VR 0" ri + Y 0L o g, - 9)

Egs. (8) and (9) are identical if and only if a basis for therguelds can be chosen
such thatj; =Y}, i.e., thaty}; are real.

After spontaneous symmetry breaking, the Yukawa couplinggq. (7) induce
mass terms for the quarks,

Linass = —(Ma)i dTLidéj — (M.,)i uiz uéj — (My)i; FLi“géj + h.c., (10)

which is obtained by replacingwith its VEV in Eq. (7), andV{; = (v/v/2) Y/, where
f = u,d, ¢ stand for up- and down-type quarks and charged leptonsectgply. To
obtain the physical mass eigenstates, we must diagonakzenatrices\/;. As any
complex matrix,}/; can be diagonalized by two unitary matric€$,, g,

M = Vi, My Vg (11)
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In this new basis the mass eigenstates are

fri= VL) fiy, fri= (Vir)ij fa; - (12)

We see that the quark mass matrices are diagonalized byediffransformations for
ur; anddy;, which are part of the sam#{/(2), doublet,Q,,

I
UL; t ( ULj )
(%) )y (Var V)i drx
The “misalignment” between these two transformations,
Vexkm = VuL‘/dJrL ) (14)

is the Cabibbo-Kobayashi-Maskawa (CKM) matix?
This transformation makes the charged current weak irtieres; that arise from
Eq. (5), appear more complicated in the new basis

dr,
—g QL wy Qrithe = —% (uz, ez, o)y W, Vekwm | s | +he., (15)
br,

whereW ;= = (W5$W3)/ﬂ. As an exercise, show that the neutral current interactions
with the Z° remain flavor conserving in the mass basis. (This is actuglly in all
models with only left handed doublet and right handed singlgarks.) Thus, in the
SM all flavor changing processes are mediated by chargedrtuneak interactions,
whose couplings to the six quarks are given by a three-bgetlunitary matrix, the
CKM matrix.

As an aside, let us discuss briefly neutrino masses. Withdhe|g content given
in Eq. (3), it is not possible to write down a renormalizablass term for neutrinos.
Such a term would require the existence of:4l, 1), field, a so-called sterile neutrino.
Omitting such a field from Eq. (3) is motivated by the prejedibat it would be un-
natural for a field that has no SM gauge interactions (is alsinmder all SM gauge
groups) to have mass of the order of the electroweak scadsvig the SM as an low
energy effective theory, there is a single type of dimen&iaerms made of SM fields
that are gauge invariant and give rise to neutrino mg\?;}/;;Lingbgb, whereAyp is a
new physics scale. This term violates lepton number by twtsumhe suppression of
this term cannot be the electroweak scalgnstead ofﬁ, because such a term in the
Lagrangian cannot be generated from SM fields at arbitrany level, or even nonper-
turbatively. (The reason is that such a mass term viol&tesl., baryon number minus
lepton number, which is an accidental symmetry of the SMighadt anomalous.) The
above imply that neutrinos are Majorana fermions, sincerthss term couples the field
v1, to (v7)¢ and not tovg [the latter occurs for Dirac fermions, see Eq. (10)]. It can b
shown that’” has to be a real symmetric matrix.

5



(0.0 (1.0)

Fig. 1. Sketch of the unitarity triangle.

1.2.2 The CKM matrix and the unitarity triangle

The nine complex entries of the CKM matrix depend on nine paaameters because
of unitarity. However, five phases can be absorbed by redefihie quark fields. Thus
we are left with four parameters, three mixing angles andas@h This phase is the
only source of” P violation in flavor changing transitions in the SM. A cleamaty to
count the number of physical parameters is to note that thertwawa matricesYZf}’d
in Eq. (7), contain 18 real and 18 imaginary parameters. Tmegk globall/(3), x
U(3),xU(3); symmetry taJ(1)g, so there is freedom to remo8e 3 real and3 x 6— 1
imaginary parameters. This leaves us withphysical quark flavor parameter$real
(6 masses and mixing angles) and a complex phase. In the caséVogenerations,
the CKM matrix depends oV (/N — 1)/2 mixing angles andN — 1)(N —2)/2 CP
violating phases. (In the case of Majorana fermions, onestanv following either
derivation that there ar®' (N — 1)/2 C'P violating phases.)

It has been observed experimentally that the CKM matrix hlaigi@rchical struc-
ture, which is well exhibited in the Wolfenstein parametation,

Via Vius Vb 1— 1) A AN (p —in)
Vekm = Vea Vs Vo | = - 1— %)\2 AN? +....
Vie Vis Va AN (1 —p—in) —AN? 1

(16)
This form is valid to ordei*. The small parameter is chosen as the sine of the Cabibbo
angle \ = sin 6 ~ 0.22, while A, p, andn are order unity. In the SM, the only source
of C'P violation in flavor physics is the phase of the CKM matrix, graeterized by
n. The unitarity ofVky implies that the nine complex elements of this matrix must
satisfy>>, Vi Vi = 2 ViV, = di;. The vanishing of the product of the first and third
columns provides a simple and useful way to visualize thesstcaints,

Vi Vu*b + Ve V}k, + Vi Vt}; =0, (17)

C

which can be represented as a triangle (see Fig. 1). Makiagcomstraining measure-
ments of the sides and angles of this unitarity triangle is ointhe best ways to look
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for new physics.
It will be useful to define two angles in addition to those o thangle in Fig. 1,

VeV VisVii "V
ﬁ5¢15arg<—ﬂ>, ﬁszarg<—t tb)) ﬁKEarg<—v cd>7

V;fd {2 Vcs C’E Vus Jd
VidVi VaudVih
a = ¢y = arg <—ﬁ> , v = ¢3 = arg (—#) . (18)
ud Vb caVeh

Here 3, (Bx) is the small angle of the “squashed” unitarity triangleadiéd by mul-
tiplying the second column of the CKM matrix with the thirdrét) column, and is of
order\? (\%). 3, is the phase betweel, mixing and the dominanB, decays, while
Ok is the phase between the charm contributio&tonixing and the dominank™ de-
cays. Checking, for example, ff; is small is an equally important test of the SM as
comparing the sides and angles of the triangle in Fig. 1.

To overconstrain the unitarity triangle, there are two viergortant clean measure-
ments which will reach precisions at the few, or maybe eves) parcent level. One is
sin 23 from theC' P asymmetry inB — ¢ Kg, which is becoming the most precisely
known angle or side of the unitarity triangle. The otheflig/V;,| from the ratio of
the neutralB, and B; meson mass difference&mn,/Amg. These will be discussed in
detail in Sec. 1.6.2 and Sec. 1.5, respectively.

Compared tain 25 and |V,4/Vis|, for which both the theory and experiment are
tractable, much harder is the determination of another sidenother angle, such as
[Vis|, OF a, or v (| V| is also “easy” by these criteria). However, our ability tettthe
CKM hypothesis inB decays will depend on a third best measurement besideg
andAm,/Am, (and on “null observables”, which are predicted to be smete SM).
The accuracy of these measurements will determine thetsgtydo new physics, and
the precision with which the SM is tested. It does not matteether it is a side or an
angle. What is important is which measurements can be maddave theoretically
clean interpretations for the short distance physics wafiee.

1.3 CP violation before Y2K

How do we know thatU P is violated in Nature? Before the start of tefactories,
observations of’ P violation came from two sources.

1.3.1 CP violation in the universe

The visible Universe is dominated by matter, and antimatpgrears to be much more
rare. To quantify this asymmetry one usually compares tmebau of baryons to the
number of photons at the present time. Following the evatubif the universe back to-
ward the big bang, this ratio is related to the asymmetry betwquarks and antiquarks
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at aboutt ~ 10~° seconds after the big bang, when the temperaturefivasl GeV,

#(baryong ng — Ng

ATTYTY ~ ~5x10710, 19
#(photonglnow  ng + ngli~i0-6 sec (19)

It is usually assumed that at even earlier times the univarsieably went through an
inflationary phase, which would have washed out any barygmagetry that may have
been present before inflation. There are three conditiostsfated by SakhardV that
any theory must satisfy in order to allow for the possibibfydynamically generating
the asymmetry in Eq. (19). The theory has to contain: (1) dcmamyumber violating
interactions; (2 andC'P violation; and (3) deviation from thermal equilibrium.

The first condition is obvious, and the second is requiredhabthe production rate
of left (right) handed quarks and right (left) handed ardidgs may differ. The third
condition is needed because in thermal equilibrium the etenpotential for quarks
and antiquarks is the same (th¢°7" theorem implies that the mass of any particle and
its antiparticle coincide), and so the production and aratibn rates of quarks and
antiquarks would be the same even if the first two conditioasatisfied.

The SM contains all three ingredients, lBuP violation is too small (independent
of the size of the CKM phase) and the deviation from thermallgagium during elec-
troweak phase transition is too small if there is only onegdigoublet. Detailed anal-
yses show that both of these problems can be solved in theme®of new physics,
that must contain new sources@#® violation and have larger deviations from thermal
equilibrium than that in the SM. However, for example, tHewed parameter space of
the minimal supersymmetric standard model is also gettery vestricted to explain
electroweak baryogenesis (for details, see: Ref. [21]).

While new physics may yield new P violating effects observable i decays, it
is possible that thé'P violation responsible for baryogenesis only affects fladiag-
onal processes, such as electron or neutron electric dipoteents. Another caveat is
that understanding the baryon asymmetry may have nothidg tath the electroweak
scale; in fact with the observation of large mixing angleshie neutrino sector, lep-
togenesi¥ appears more and more plausible. The idea is that at a vehysoige a
lepton-antilepton asymmetry is generated, which is thewexded to a baryon asym-
metry by B + L violating but B — L conserving processes present in the SM. The
lepton asymmetry is due t0'P violating decays of heavy sterile neutrinos, that live
long enough to decay out of thermal equilibrium. Howeveg, tdlevaniC' P violating
parameters may or may not be related’tB violation in the light neutrino sectd?.

1.3.2 CP violation in the kaon sector

Prior to 1964, the explanation of the large lifetime ratiatloé two neutral kaons was
C' P symmetry (before 1956, it was alone). The argument is as follows. The flavor
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eigenstates,
|K%) = [s5d),  |K°) =|ds), (20)

are clearly notC'P eigenstates. P was a good symmetry, then the states with
definiteC' P would be the following linear combinations

[Ki2) = —= (KO £ |K°)) . CP|Kys) = +[Kia) . (21)

1
V2
Then only the”' P even state could decay into two pios, — 7, whereas both states
could decay to three pion#; , — wrw (explain why!). Therefore one would expect
7(K,) < 7(K3), in agreement with experimental data, since the phase $patee
decay to two pions is much larger than that to three pions.di$wvery ofK;, — nr
decay at thel0=3 level in 1964 was a big surprigé. The “natural” explanation for
the observed small’' P violation was a new interaction, and, indeed, the superweak
modeP> was proposed less than a year after the experimental discavieereas the
Kobayashi-Maskawa proposéakcame nine years later (but still before even the charm
quark was discovered).

To analyzeC' P violation in kaon decays, one usually defines the obsersable

707\ H| K mta |H|K
7700=—<00| | L>, 77+—:—<+_| | L>7 (22)
(00| H| Ks) (rtm= |H|Kg)
and the twaC' P violating parameters,
_ Moo + 21— _ M=
= 00%’ e = +T00. (23)

To understand these definitions, note that because of Batigtist the« ) final state
can only be in isospin (i.e., coming from the\] = % part of the Hamiltonian, as the
initial state isI = 1) or isospin2 (i.e., AI = 2) combination [see discussion before
Eq. (90)]. Isospin is a symmetry of the strong interactidos very good approxima-
tion. The decomposition gfrr) in terms of isospin is

SN SN -
[mTrT) = \/%\(W)z:o) + \/;I(W)m)- (24)

(In kaon physics often an opposite sign convention is usetkfar’); Eq. (24) agrees
with the Clebsch-Gordan coefficients in the PDG, useft physics.) Then the isospin
amplitudes are defined as

Ap = ((mm)|H|K®) = |Af| €7 €7,
A = (7)1 [H|KP) = |Af] e e01 (25)
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Fig. 2. Diagrams contributing t&" — wvv decay (from Ref. [27]).

wherel = 0,2, andé; and¢; are the strong and weak phases, respectively. It is known
experimentally thatA,| > |A,|, which is the so-callech] = ] rule (|Ay| ~ 22| A,)).

The definition ofex in EQ. (23) is chosen such that to leading order inAte= %
rule only the dominant strong amplitude contributes, areteforeC'P violation in
decay gives only negligible contribution tg- (suppressed byA4,/Ay|?). The world
average igy = ¢'(097+0:02)7/4 (2 98 4+ (0.02) x 10~ [26]. Concerning,, to first order
in|As/Aol,

M- — oo _ €K l<(7T7T)I=2|H|KL> ((mm)1—2|H| Ks)

KT T V2 il HIKLD (7)o HIKs)
_ ﬁ ﬁ_z 020 in( by — ) (26)

A non-vanishing value of- implies differentC' P violating phases in the two isospin
amplitudes. The quantity that is actually measured expantaily is |7y /7. |*> =
1 — 6 Re(es /ex). The world average iBe (el /ex) = (1.8 +0.4) x 1073 [26].

These two observed P violating parameters in th& system are at the level ex-
pected in the SM. The value ef, can be described with af(1) value of the CKM
phase and provides a useful constraint. However, preciegis are not yet possible, as
¢ is notoriously hard to calculate in the SM because of enlghhadronic uncertain-
ties due to contributions that are comparable in magnitidiecgposite in sign. (The
measurement of,- does provide useful constraints on new physics.)

Precision tests of the SM flavor sectorihdecays will come from measurements
of K — 7wvw, planned in both the neutral and charged modes. These albées\are
theoretically clean, but the rates are very small10~1° (10~!) in K* (K) decay.
They arise from the diagrams in Fig. 2, with intermediatetype quarks. Due to the
GIM mechanisnt® the rate would vanish in the limit where the up, charm, and top
quarks had the same mass. Therefore each contribution &ortpktude is proportional
approximately ton? /mj;,, and we have schematically

(A m?) + (A m?) t: CKM suppressed,
Ao (Am2) +i(N°m?) c: GIM suppressed, (27)
(A Adep) u: GIM suppressed,

10



where we used the phase convention and parameterizatiog.i(l&). Each contri-
bution is either GIM or CKM suppressed. So far t0- — 77w events have been
observed? corresponding to a branching raiok + — tvi) = (1.572535) x 10710,

The decayk; — =w’vi is even cleaner than the charged mode because the final state
is C P even?® and therefore only the imaginary parts in Eq. (27) conteébuthere the
charm contribution is negligible and the top contributiemiprecisely calculable short
distance process. (For a more detailed discussion, se¢lRgj.

1.4 The B physics program and the present status

In comparison with kaons, thB meson system has several features which makes it
well-suited to study flavor physics andP violation. Because the top quark in loop
diagrams is neither GIM nor CKM suppressed, laf@® violating effects and large
mixing are possible in the neutrdl; and B, systems, some of which have clean inter-
pretations. For the same reason, a variety of rare decagsléiae enough branching
fractions to allow for detailed studies. Finally, some o thadronic physics can be
understood model independently becauge> Aqcp.

The goal of this program is to precisely test the flavor secimredundant mea-
surements, which in the SM determine CKM elements, but casehsitive to different
short distance physics. New physics is most likely to modify violating observables
and decays that proceed in the SM via loop diagrams only, asamixing and rare
decays. Therefore, we want to measur® violating asymmetries, mixing and rare
decays, and compare the constraints on the CKM matrix fremdnd loop processes.

In the SM allC' P violation in flavor changing processes arises from the pieite
CKM matrix. The CKM elements with large (and related) phasdbe usual conven-
tion areV,, andV,,;, and all largeC' P violating phenomena comes from these. In the
presence of new physics, many independeftviolating phases are possible; e.g., the
phases imB,; and B, mixing may be unrelated. Then using(, - is only a language, as
two “would-be” v measurements, for example, can be sensitive to differenphgsics
contributions. Similarly, measurements|&f,| and|V;,| from mixing may be unrelated
to their values measured in rare decays. Thus, to searctefoiphysics, all possible
measurements which have clean interpretations are immpti@ir correlations and the
pattern of possible deviations from the SM predictions magtucial to narrow down
type of new physics we are encountering. Th@hysics program is so broad because
independent measurements are the best way to search foihyswg

The allowed regions op andn, imposed by the constraints enr, B, mixing,
|Viw/ V|, @andsin 25 are shown in Fig. 3. There is a four-fold discrete ambiguity i
the sin 23 measurement. Assuming the SM, this is resolvedhy|: there is only
one allowed region using th&,;| andsin 2/ constraints, whereas there would be four
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Fig. 3. Present constraints on the CKM matrix (from Ref. )31]

allowed regions if theV/,;,| constraint is removed from the fit.

Figure 3 clearly shows that with the recent precise measemés ofsin 23, the
CKM picture passed its first real test, and the angjleas become the most precisely
known ingredient in the unitarity triangle. Thus, it is vdikely that the CKM matrix
is the dominant source @f P violation in flavor changing processes at the electroweak
scale. This implies a paradigm change in that we can no lacigen to be looking for
new physics alternatives of the CKM picture, but to seekeaadions to it (a possible
exception is still theB, system). The question is no longer whether the CKM paradigm
is right, but whether it is the only observable sourc€'df violation and flavor change
near the electroweak scale.

In looking for modest deviations from the SM, the key measiaets are those
that are theoretically clean and experimentally doableadieements whose interpre-
tation depends on hadronic models cannot indicate unarobsgliyithe presence of new
physics. Our ability to test CKM imB decays below theé0% level will depend on
the 3rd, 4th, etc., most precise measurements begidesl |V;,/V,;| that are used to
overconstrain it. (The error a¥/,/V,| is expected to be below% once theB, mass
difference is measured, as discussed in Sec. 1.5.) Predpesteasure thg/,,/ V.|
side of the UT with small error are discussed in the secondidecwhile clean deter-
minations of angles other thahare discussed in the third. Certain observables that are
(near) zero in the SM, such agp(Bs — ¥¢), acp(B — VvKg) — acp(B — ¢Kg),
aqir(B — s7), are also sensitive to new physics and some will be discussed

12



Fig. 4. Left: box diagrams that give rise to tB& — B° mass difference; Right: operator
in the effective theory belown,;; whoseB meson matrix element determindsn s, .
1.5 Bgand B; mixing
Similar to the neutral kaon system, there are also two neitrdlavor eigenstates,
|B°) =[bd),  |B°) =bd). (28)
The time evolution of a state is described by the Schrodiegeation,
BO(t ' BO(t
S 1B :(M—ir) |B(t)) | (29)
de \ [B°(t)) 2 7\|B°(t))

where the mass mixing matriX/, and the decay mixing matrix, are2 x 2 Hermitian

matrices.C' PT invariance implies\l;; = Ms, andl'y; = I'so. The heavier and lighter
mass eigenstates are the eigenvector®/ of iI'/2,

|Bu,L) =p |BO> +4q |§O> ) (30)
and their time dependence is
|Bp(t)) = e (MuetTur/2t | gy 1y (31)

The solution of the eigenvalue equation is

(Am)? (AT)? = 4 |Mo* — To)?, Am AT = —4Re(M;5T%,) ,

q  Am+iAU/2  2My, —il7Y,

p 2Mp—il,  Am+iAL/2°

1
4
(32)

whereAm = My — M andAI' =T';, — I'y. This definesAm to be positive, and the
choice of AT is such that it is expected to be positive in the SM (this signvention
for AT agrees with Ref. [5] and is opposite to Ref. [4]). Note that ;, (I'y 1) are not
the eigenvalues of/ (I'). The off-diagonal element&/;, andI';, arise from virtual
and on-shell intermediate states, respectively. The ibanions to)/;, are dominated
in the SM by box diagrams with top quarks (see Fig. 4), whilg is determined by
physical states (containingandu quarks) to which bott3° and 5° can decay.
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zy = Am/T y, = AT'/T A, =1—|q/p]

theory data theory data theory data
By O(1) ~0.75 ys |Via/Vis|? <02 —0.001 |Aq| < 0.02
BS xd|‘/ts/‘/td|2 > 20 0.1 <04 _Ad‘v;td/‘/ts‘z e

Table 1. Mixing and” P violation in B, s mesons. The theory entries indicates rough
SM estimates. Data are from the PBIGounds ar®0% or 95% CL).

Simpler approximate solutions can be obtained expandiogtahe limit |I';| <
|Miz]. This is a good approximation in botB; and B, systems.|I'j3| < T' always
holds, becausg, stems from decays to final states commorBtband B°. For the
B, meson the experimental lower bound &m . impliesI'z. < Ampg,, and hence
'3, < Amp, [the theoretical expectation i5T's/T's ~ 1672 (Aqcep/my)?]. For the B,
meson, experiments givmg, ~ 0.75T,. However,I', arises only due to CKM-
suppressed decay channels (giving common final stat&§ iand BY decay), and so
IT'9,| /T 5, is expected to be at or below the few percent level (and mapgréxental
analyses assume that it vanishes). In this approximatien®B8) become

Am = 2|My|. A = —o RelMialls)
| M2
= (5]
T S22, 33
b M, 2 M, ()

where we kept the second order termyifp because it will be needed later. Table 1
summarizes the expectations and data forje systems.

A simple and important implication is that If,, is given by the SM, then new
physics cannot enhance thg , width differences. To see this, rewritel’ in Eq. (33)
asAI' = 2|I'ys| cos[arg(—Mi2/T'12)]. In the SM,arg(—M;2/T'12) is suppressed by
m?/mi in both B, systems (in theB, system it is further suppressed by the small
angle 3,). Consequently, by modifying the phase if,, new physics cannot en-
hancecos|arg(—Mis/I'12)], which is near unity in the SM. However, new physics
can easily enhanc€ P violation in mixing, which is suppressed by the small quan-
tity sin[arg(—M:2/T'12)] in the SM, and is especially tiny in the, system.

The By — B; mass difference dominated by the box diagrams with top quark
(see Fig. 4) is a short distance process sensitive to phgsikegh scales (similar to
Amp). The calculation ofAm g is a good example of the use of effective theories. The
first step is to “match” at the scale of ordes,;, the box diagrams on the left in Fig. 4
onto the local four-fermion operatof)(1) = (byv,d.)(bryVdy), represented by the
diagram on the right. In this step one computes the Wilsofficant of Q (. = my).
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In the second step, one “runs” the scale of the effectiverthdown frommy, to a
scale aroundn, using the renormalization group. In the third step one hasitopute
the matrix element of) (1) at a scale arounah,. The result is

w2 o GF M, m; 0 0
Mz = (Vi) x 5 s 5 (0 Y mp () x (BUQUuIBY) (39)
~—— 8&7° mp My, —_—
WANTED - nonperturbative

known  calculable perturbatively

where the first term is the combination of CKM matrix elememéswant to measure,
and the second term contains known factors. The third temmtages the matching

calculation at the high scal8{m?/MZ,) (an Inami-Lim functior?), and the calculable
QCD corrections that occur in running the effective Hammiém down to a low scale.
Itis nsbp (1) that contain the QCD corrections including resummatiorhefgeries of

leading logarithmsa? In" (my /1), 1 ~ my, Which is often very important. The last
term in Eq. (34) is the matrix element,

~

Bp
bp(p)’

which is a nonperturbative quantity. It is here that hadramcertainties enter, and
13 By has to be determined from lattice QCD. Eq (34) appllesB‘pmlxmg as well,
replacingViy — Vis, mg, — mg,, fz, — fz,, andBg, — Bg,.

A clean determination dfl;;/V;,| will be possible from the ratio of th&, and B,
mass differences\mpg,/Amp,. The reason is that some of the hadronic uncertain-
ties can be reduced by considering the ratio= (/3 Bg.)/(f3,Bs,) Which is unity
in the flavorSU(3) symmetry limit. Figure 5 shows the preliminary LEP/SLD/CDF
combinedB, oscillation amplitude analysisthat yieldsAm, > 14.4 ps~* at95% CL.
ProbablyB, mixing will be discovered at the Tevatron, and soon theegdfte exper-
imental error ofAm, is expected to be at the few percent levelhe uncertainty of
|Via/Vis| will then be dominated by the error gffrom lattice QCD. For the last few
years the lattice QCD averagésave been arounds, /fz, = 1.18 4 0.0479'* and
Bp,/Bg, = 1.00 + 0.03, in agreement with the chiral log calculatiéhThe last error
in the quoted lattice result gfs, / 5, reflects an increased appreciation of uncertainties
associated with the chiral extrapolation, that may redbegtesent results fgf;, but
is unlikely to significantly affecf,. It is very important to reliably control light quark
effects, and to do simulations with three light flavors.

(BY1Q(u)|B%) = = m3, 2

- (35)

*Sorting this out reliably may be challenging, since the iegathiral logarithms need not be a good
guide to the chiral behavior of quantities involving heaadions. Chiral perturbation theory for pro-
cesses with heavy hadrons may have a cutoff as loW@asd/leV instead ofir f, ~ 1GeV, leading to
large “higher order” effectd® Using chiral perturbation theory to extrapolate latticé&cakations with
heavy “light” quarks to the chiral limit may then be questibie3”
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Fig. 5. Left: present3, oscillation amplitude analysi8. Right: projected CDF sensi-
tivity with 2 fb~! data? Note thatr, = Am,/T's, ~ Am, x 1.46 ps.

1.6 CP violation in the B meson system

1.6.1 The three types ofC P violation

C P violation in mixing If C'P were conserved, then the mass eigenstates would
be proportional tdB°) + | BY), corresponding tdg/p| = 1 andarg(M;,/T'12) = 0.
If |¢/p| # 1, thenCP is violated. This is called’P violation in mixing, because it
results from the mass eigenstates being different fronCtReeigenstates. It follows
from Eq. (30) that By |B;) = |p|* — |¢|?, and so if there i€ P violation in mixing
then the two physical states are not orthogonal. This iglgil@aquantum mechanical
effect, impossible in a classical system.

The simplest example of this type 6P violation is the semileptonic decay asym-
metry of neutral mesons to “wrong sign” leptons,
D(B(t) = X)) —T(B(t) = ~X) _1—|q/p/* . T

F(B(0) = 6 X) 1 T(B0) = X))  Thlafpll ~ an, G0

AgL(t) =

To obtain the right-hand side, we used Egs. (30) and (31)h@ititme evolution, and
Eq. (33) for|q¢/p|. In kaon decays this asymmetry was recently meastiradagree-
ment with the expectation that it should be equal Rx €. In B decays the asymmetry
is expected to b® —1.3 x 1072 < Ag, < —0.5 x 1073, Figure 6 shows the (weak)
constraints on thg — n plane from the present data @i, and what may be achieved
by 2005. One can only justify the calculation bf(T";,/M;,) from first principles
in the them,, > Aqcp limit, since it depends on inclusive nonleptonic rates. (Sac
calculation has sizable hadronic uncertainties (by vidfieur limited understanding
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Fig. 6. Left: present constraint fromg;, = (0.2 + 1.4) x 1072, Right: constraint that
would follow from Ag;, = (—1+3) x 1072 (that may be achieved by 2005). The dark-,
medium-, and light-shaded regions have €190%, 32%, and10%. (From Ref. [39].)

of b hadron lifetimes), an estimate of which is shown by the tworially stripped re-
gions. However, the constraints on new physics are alregdyasting®” as them?/m;
suppression ofl s, in the SM can be avoided if new physics modifies the phaséef

CP violation in decay For most final stateg, the B — f and B — f decay
amplitudes can, in general, receive several contributions

Ap = (fIH|B) = > Ay e e, Ar = (fIH|B) =3 Ape e . (37)
k k

There are two types of complex phases which can occur [aagisitbation was already
encountered in Eq. (25)]. Complex parameters in the Lagaanghich enter a decay
amplitude also enter th€ P conjugate amplitude but in complex conjugate form. In
the SM such weak phases,, only occur in the CKM matrix. Another type of phases
are due to absorptive parts of decay amplitudes, and geeaiS P conserving strong
phases),. These arise from on-shell intermediate states resaadt@rto the desired
final state. The individual phaség and ¢, are convention dependent, but the phase
differencesy; — d; and¢; — ¢;, and thereforg¢A+| and|A,|, are physical.

Clearly, if [Af| # [Af| thenCP is violated. This is called’'P violation in decay,
or directC'P violation. SuchC'P violation can also arise in charged meson and baryon
decays, and i3° decays in conjunction with the other types. It occurs duaterfer-
ence between various terms in the decay amplitude, andresgiat at least two terms
differ both in their strong and in their weak phases,

|A‘2 — |Z‘2 = —4A1A2 sin(51 — (52) Siﬂ(¢1 — ng) . (38)
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The only unambiguous observation of dir€cP violation to date isRe ¢ in kaon
decay. It can be seen from Eq. (26) thate’. is not a sign ofC' P violation in decay,
since it may be nonzero even if there is no strong phase eiféer between the two
amplitudes. Note that iB° decays different interference typ& violation (see below)
in two final statesfm\, # ImJy,, would also be a sign of direct P violation.

To extract the interesting weak phases froi® violation in decay, one needs to
know the amplitudesi, and their strong phases. The problem is that theoretical
calculations of4, andJ, usually have large model dependences. However, dirétt
violation can still be very interesting for looking for nevaysics, especially when the
SM prediction is small, e.g., ih— sv.

C P violation in the interference between decays with and withat mixing An-
other type ofC'P violation is possible when botB° and B° can decay to the same
final state. The simplest example is when this (S& eigenstatef-p. If CP is con-
served, then not only/p| = 1 and|A;/A;| = 1, but the relative phase betwegrp
andA;/A; also vanishes. It is convenient to define

9 A _ 40,
p AfCP fer p AfCP 7
wheren;., = %1 is theC'P eigenvalue offcp [+1 (—1) for C P-even (-odd) states].
The second form is useful for calculations, becadge, andZ?CP are related by’ P
transformation. IfimA;,, # 0 then it is a manifestation af' P violating interference
betweenB® — f.p decay and3® — B° mixing followed by B° — f.p decay.
The time dependent asymmetry, neglectxig, is given by
o = LB = 1= T[B() — f
O T[Bt) — fI+T[B(t) — f]
(1 — [As|?) cos(Amt) — 2Im s sin(Am t)
L+ [Af]?
= Sysin(Amt) — Cycos(Amt). (40)

)\fCP = (39)

The last line defines thg and C' terms that will be important later on (note that the
BELLE notation isS = S andC' = —A). This asymmetry can be nonzero if any type
of C'P violation occurs. In particular, ifg/p| ~ 1 and|A;/A;| ~ 1 then it is possible
thatlm\ # 0, but|\;| = 1 to a good approximation. In both th&; and B, systems
lg/p| — 1 < O(1072), so the question is usually whethiet/A| is near unity. Even

if we cannot compute hadronic decay amplitudes model inutdbgatly,|A/A| = 1 is
guaranteed if amplitudes with a single weak phase domindégay. In such cases we
can extract the weak phase difference betwB&n— f.p andB" — B — fopina
theoretically clean way,

af.p = ImAgsin(Amt). (41)
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Fig. 7. “Tree” (left) and “Penguin” (right) contributions B — v K g (from Ref. [40]).

1.6.2 sin28from B — ¢y Kgy,

This is the cleanest example@f violation in the interference between decay with and
without mixing, becaused/A| — 1 $1072. Thereforesin 23 will be the theoretically
cleanest measurement of a CKM parameter other g (and maybe; from K, —
7%v7, which, however, is unlikely to be ever measured at the pelegel).

There are “tree” and “penguin” contributions # — K, as shown in Fig. 7.
The tree diagram arises frobn— ccs transition, while there are penguin contributions
with three different combinations of CKM elements,

Ap = VgV T Ap =V Vi P+ Vo Vi P4+ Vi Vi P (42)
We can rewrite the penguin amplitude usiigV;: + V, Vi + V., V.5, = 0 to obtain

Z: ‘/cb‘/;;(TcEs_‘_Pc_Pt)+vubvu>ks(Pu_Pt)
=V VET 4+ Vi Vi P, (43)

where the second line definds and P. We expect|A/A| — 1 < 1072, because
(Vi Vi) [ (Ve VE)| ~ 1/50 and model dependent estimates Bf'T'| are well below
unity. So the amplitude with weak phaggV. dominates. Th€&'P asymmetry mea-

sures
Wi\ (Vi ViEN [ ViV .
A _ th td)( cb cs)( cs cd) — —2if3 44
¢KS,L :F(‘/tb‘/tz ‘/gl;‘/cs ‘/cz‘/cd :Fe ) ( )

and solm\yx,, = £sin23. The first term is the SM value af/p in B, mixing, the
second isA/A, and the last one ig/q in the K° system. In the absence &f° — K°
mixing there could be no interference betwdéh— ¢ K° andB® — ) K°.

The first evidence fo€' P violation outside the kaon sector was the recent BABAR
and BELLE measuremeritsof a,x, whose averagein 23 = 0.731 £ 0.055, com-
pletely dominates the world averdgalreadysin 23 = 0.734 & 0.054.

1.6.3 sin28from B — ¢Kg

TheC' P violation in this channel is believed to be a very sensitrabe of new physics.
Naively, tree contributions tb — sss transition are absent, and the penguin contribu-
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Fig. 8. “Penguin” (left) and “Tree” (right) contributione B — ¢ K5 (from Ref. [40]).

tions (see Fig. 8) are
zP = Vcbvc*g (Pc - Pt) + VubVJs (Pu - Pt) . (45)

Due to|(Vip Vi) / (Vs Vi) ~ O(X?) and because we expedt. — P;| ~ |P, — P,
the B — ¢ K amplitude is also dominated by a single weak ph&sg/,". Therefore,
|A/A| — 1 is small, although not as small as B — ¢ K. There is also a “tree”
contribution toB — ¢Kg, fromb — wuus decay followed byuu — ss rescattering,
shown in Fig. 8 on the right. This amplitude is also proparéildo the suppressed CKM
combination,V,,V.%,, and it is not even clear how to separate it from “penguinfter
Unless rescattering provides an enhancement, this shoatldpset the proximity of
ImA,x, fromsin 23. Thus we expedim\ sk, = sin 20 + O(A?) in the SM.

At presentlm),x = Im\, is violated at the2. 7o level**#* This is interesting
because new physics could eniglc mainly throughy/p, whereas it could modify, x
through both;/p and A/A. Note, however, that in the Ks and K+ K~ K5 channels
there is no similarly large deviation frosin 23.** The C' P asymmetries ith — sss
modes remain some of the best examples that measuring thee aagie in several
decays sensitive to different short distance physics isobrtiee most promising ways

to look for new physics. This will be very interesting as theoes decrease.

1.7 Summary

e Want experimentally precise and theoretically reliableasugements that in the
SM relate to CKM elements, but can probe different shortagisé physics.

e The CKM picture passed its first real test; we can no longdncta look for
alternatives, but to seek corrections due to new physice(maybe3, mixing).

e \ery broad program — a lot more interesting as a whole tharsargle measure-
ment alone; redundancy/correlations may be the key to findaw physics.

e B, mixing (|Via/Vis|) andB — ¢ K (sin2(3) are “easy”, i.e., both theory and
experiment are under control; in the next lectures stakitgpat harder things.
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2 Heavy Quark Limit: Spectroscopy, Exclusive and In-
clusive Decays

Over the last decade, most of the theoretical progress ierstahdingB decays uti-
lized the fact thatn; is much larger thamqcp. Semileptonic and rare decays allow
measurements of CKM elements important for testing the 3 aae sensitive to new
physics. Improving the accuracy of the theoretical préoins increases the sensitivity
to new physics. For example, as can be seen from Fig/.g,is the dominant uncer-
tainty of the side of the unitarity triangle opposite to tmglke 5. The constraint from
the K° — K mixing parametet is proportional tqV,,|*, and so is the constraint from
the K+ — ntvi rate. (The ratio of thé(; — 7% v and K+ — 7tvi rates is much
less sensitive toV,,|.) Most examples in this lecture are related to the detertioina
of |V| and|V,;| from exclusive and inclusive semileptonic decays. The st®eret-
ical tools are directly applicable to reducing the hadramcertainties in rare decays
mediated by flavor changing neutral currents as well.

To believe at some point in the future that a discrepancy igma& new physics,
model independent predictions are essential. Resultsmd@pend on modeling non-
perturbative strong interaction effects cannot disprbeeStandard Model. Most model
independent predictions are of the form,

Quantity of interest= (calculable factorsx

1+ (small parametejs|, (46)
k

where the small parameter can hecp/ms, ms/Aysp, as(my), etc. For the pur-
poses of these lectures we mean by (strong interaction) Inodiependent that the
theoretical uncertainty is suppressed by small parampgerthat theorists argue about
O(1)x(small numbers) instead ¢¥(1) effects]. Still, in most cases, there are theoret-
ical uncertainties suppressed by sofamall parametef*, which cannot be estimated
model independently. If the goal is to test the Standard Maohee must assign sizable
uncertainties to such “small” corrections not known frorstfgrinciples.

Throughout the following it should be kept in mind that thénaeior of expansions
that are formally in powers akqcp/ms can be rather different in practice. (Byycp
we mean hereafter a generic hadronic scale, and not neibg$lsarparameter in the
running ofa,.) Depending on the process under consideration, the plystale that
determines the behavior of expansions may or may not be mmahes thanm, (and,
especiallym.). For examplef,, m,, andm3 /m; are all of orderAqcp formally, but
their numerical values span an order of magnitude. As it maltome clear below, in
most cases experimental guidance is needed to decide hdwhergheory works.
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2.1 Heavy quark symmetry and HQET

In hadrons composed of heavy quarks, the dynamics of QCDIi§iesp Mesons con-
taining a heavy quark — heavy antiquark pél€), form positronium-type bound states,
which become perturbative img > Aqcp limit.*° In heavy mesons composed of a
heavy quark(, and a light antiquarkj (and gluons andq pairs), there are also sim-
plifications in themg > Aqcp limit. The heavy quark acts as a static color source
with fixed four-velocity,v#, and the wave function of the light degrees of freedom (the
so-called brown muck) become insensitive to the spin andsr{feor) of the heavy
quark, resulting in heavy quark spin-flavor symmettfes.

The physical picture to understand these symmetries i¢asitnithose well-known
from atomic physics, where simplifications occur due to #et that the electron mass,
me, IS much smaller than the nucleon mass;. The analog of flavor symmetry is that
isotopes have similar chemistry, because the electrong fianctions become inde-
pendent ofny in themy > m, limit. The analog of spin symmetry is that hyperfine
levels are almost degenerate, because the interactior @i¢lctron and nucleon spin
diminishes in theny > m. limit.

The theoretical framework to analyze the consequencesasiyhguark symmetry
and the corrections to the symmetry limit is the heavy quéfidcave theory (HQET).
One can do a field redefinition to introduce a new fidld(x), which annihilates a
heavy quark with four-velocity, and has no dependence on the large mass of the
heavy quarky

v

B () = gimave # Q). (47)

where@(x) denotes the quark field in full QCD. It is convenient to labebty quark
fields bywv, becauser cannot be changed by soft interactions. The physical irgerp
tation of the projection operatdi + )/2 is thath(?) represents just the heavy quark
(rather than antiquark) componentgaflf p is the total momentum of the heavy quark,
then the fieldh(?) carries the residual momentum= p — mqov ~ O(Aqcp). In terms
of these fields the QCD Lagrangian simplifies tremendously,

L =h@iv-Dr@ 4 O(i) (48)
mq

whereD* = 0" — ig,T, A" is the covariant derivative. The fact that there is no Dirac

matrix in this Lagrangian implies that both the heavy guapgropagator and its cou-

pling to gluons become independent of the heavy quark spime é&ffective theory

provides a well-defined framework to calculate perturteat®(«,) and parameterize

nonperturbatived(Aqcp/mg) corrections.
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Fig. 9. Spectroscopy aB and D mesons. For each doublet level the spin-parity of the
brown muck,s;", and the names of the physical states are indicated.

2.1.1 Spectroscopy

The spectroscopy of heavy hadrons simplifies due to heavsk qgyanmetry because
the spin of the heavy quark becomes a good quantum numbes ir> oo limit; i.e., it
becomes a conserved quantity in the interactions with tmuck,[sy, H] = 0. Of
course, the total angular momentum is conser{d] = 0, and therefore the spin of
the light degrees of freedors, = J — 5g, also becomes conserved in the heavy quark
limit, [s;, H] = 0.

This implies that hadrons containing a single heavy quarkbmalabeled withs;,
and for any value of, there are two (almost) degenerate states with total angusar
mentumJ. = s; + % (An exception occurs for baryons with = 0, where there
is only a single state witli = %.) The ground state mesons wifly flavor quantum
numbers contain light degrees of freedom with spin-pagity= %_, giving a doublet
containing a spin zero and spin one meson. et ¢ these mesons are thhieand D*,
while Q = b gives theB and B* mesons.

The mass splittings between the doubléls, are of order\qcp, and are the same
in the B and D sectors at leading order ifigcp/mg, as shown in Fig. 9. The mass
splittings within each doublet are of ord&gCD/mQ. This is supported by experimen-
tal data: for example, for the' = %‘ ground state doublets - — mp ~ 140 MeV
while mp- — mp ~ 45 MeV, and their ratio().32, is consistent withn,./m;,.

As an aside, | cannot resist mentioning a well-known puz2iece the ground state
vector-pseudoscalar mass splitting is proportionalégD /mg, We expectni, — m?%
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to be approximately constant. This argument reliesn>> Aqcp. The data are

m%. —m% = 0.49 GeV?, mi, —mp, = 0.50 GeV?,
m?,. —m2 = 0.54 GeV?, mp, —mp, = 0.58 GeV?, (49)
m?2 —m2 = 0.57 GeV?, m%. —m% = 0.55GeV?.

It is not understood why the light meson mass splittingsBathe same relation (al-
though this would be expected in the nonrelativistic canstit quark model). There
must be something more going on than just heavy quark symnaetd if this was the
only prediction of heavy quark symmetry then we could not et there is strong
evidence that it is a useful idea.

2.1.2 Strong decays of excited charmed mesons

Heavy quark symmetry has implication for the strong decdysavy mesons as well,
because the strong interaction Hamiltonian conservespimeo$ the heavy quark and
the light degrees of freedom separately.

Excited charmed mesons witfy = %’L have been observed. These arefheand
D3 mesons with spin one and two, respectively. They are quiteowawith widths
around20 MeV. This is because their decays * r are in D-waves. AnS-wave
D; — D*m amplitude is allowed by total angular momentum conserumatiomt for-
bidden in themg — oo limit by heavy quark spin symmetr§y. Members of the
st = %’L doublet, D§ and D7, can decay tdw and D*r in S-waves, and therefore
these states are expected to be broad.Thbas been observétwith a width around
290 & 110 MeV." The various allowed decays are shown in Fig. 10.

It is possible to make more detailed predictions for tig, D3) — (D, D*)r
decays, since the four amplitudes are related by spin symin¥gte ratios of rates are
determined by Clebsch-Gordan coefficients, which are aueweto write in terms of
65 symbols,

2

['(J— Jr)ox (28 +1)(2J 4+ 1) H Losis } : (50)

Ly

given in the upper row in Table 2. Since these decays are+n?2 partial waves, the
phase space depends on the pion momentuip,&5(one can check using Eq. (50)

fIn the nonrelativistic constituent quark model e = %+ and %+ doublets arel. = 1 orbital ex-
citations (sometimes collectively callgd**), and the two doublets arise from combining the orbital
angular momentum with the spin of the light antiquark. In ¢uark model the mass splittings of or-
bitally excited states vanish as they come fr(ig - 5; 6°(7)) interaction. This is supported by the data:
mp; —mp, = 37TMeV < mp+« —mp.
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I'Dy — Dm) @ I'(Dy — D*r) : T'(D5— Dm) : T'(Dj— D*m)

0 ; 1 ; 2/5 ; 3/5
0 : 1 : 2.3 : 0.92

Table 2. Ratio of(D,, D5) — (D, D*)r decay rates without (upper row) and with
(lower row) corrections due to phase space differencem(Ref. [1]).

that theS-wave D; — D*r rate indeed vanishes). This is a large but calculable heavy
quark symmetry breaking, which is included in the bottone lof Table 2. It changes
the prediction fod (D} — Dm)/I'(D5 — D*m) from 2/3 to 2.5; the latter agrees well
with the data2.3 + 0.6.

The ratio of theD, and D} widths works less well: the predictiary (2.3 + 0.9) ~
0.3 is much smaller than the datB(D?)/T'(D3°) ~ 0.7. The simplest explanation
would be thatD, mixes with the broad;, due toO(Aqcp/m.) Spin symmetry violat-
ing effects; however, there is no indication of S¥wave component in th®; — D*r
angular distribution. The larger than expected width can be explained with other
spin symmetry violating effect$. This is important because otherwise it would indi-
cate that we cannot trust the treatment of the charm quarkas/hn other contexts.

2.2 Exclusive semileptonidB decays

Semileptonic and radiative rare decays can be used to dae@KM elements, such
as|Vy| and|V,,|, and are sensitive probes of new physics. The difficulty & the
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hadronic matrix elements that connect exclusive decays fateshort distance weak
interaction parameters are not accessible in generaldtieally. Important exceptions
occur in certain situations due to enhanced symmetriesnwsbene form factors are
model independently related to one another, and in the daBe-e D* decay even the
rate is determined at one point in phase space.

2.2.1 B — D™¢i decay and|V,y|

Heavy quark symmetry is very predictive f&@ — D) semileptonic form factors.
In them;, . > Aqcp limit, the configuration of the brown muck only depends on the
four-velocity of the heavy quark, but not on its mass and .spinthe decay of thé
quark, the weak current changes suddenly (on a time s@amééD) the flavorb —
¢, the momentunyp, — p., and possibly flips the spirg, — s.. In them;,, >
Aqcep limit, because of heavy quark symmetry, the brown muck osbld that the
four-velocity of the static color source in the center of leavy meson changed, —
v.. Therefore, the form factors that describe the wave funatieerlap between the
initial and final mesons become independent of Dirac streatd weak current, and
can only depend on a scalar quantity,= v, - v.. Thus all form factors are related
to a single universal functiorg(v, - v.), the Isgur-Wise function, which contains all
the low energy nonperturbative hadronic physics relevanttfese decays. Moreover,
£(1) = 1, because at the “zero recoil” point,= 1, where the: quark is at rest in thé
rest frame, the configuration of the brown muck does not changll.

Using only Lorentz invariance, six form factors parametef? — D) (7 decay,

(D) V,|B(v)) = mpmp [hs (v+1), + he (v =v),],
(D*(v")|V,|B(v i/MpMmp- hy €yap,€ 0" 07,

) =
) =

) = (51)
) = vﬁﬁé7ﬁﬁi[hAl<UJ+-1>e — hay (€ - 0)v, — g (€ - 0)2])],

where the; are functions ofv = v-v' = (m}+m7,., —q¢*)/(2mpmpe). The currents
relevant for semileptonic decay drg = ¢v,b andA, = c%%b. Inthemg — oo limit,

B () = hy () = hay() = hay(w) =€), h_(w) = hay(w) =0.  (52)

There are corrections to these relations for finitg,, suppressed by powers @f and
Aqcp/me.p. The former are calculable, while the latter can only be peterized, and
that is where model dependence enters.

The determination ofi/,| from exclusiveB — D)/ decay uses an extrapolation
of the measured decay rate to zero reaoik- 1. The rates can be schematically written
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as

dI'(B — D™(p)
dw

(w* = )2 F2(w),  for B— D,
(w? —1)*2 F?(w),  for B — D.
(53)
Both F(w) and F,.(w) are equal to the Isgur-Wise function in the, — oo limit, and
in particular¥,y(1) = 1, allowing for a model independent determinationdf|. The
corrections are again suppressed by powers,@ndAqcp/m., and are of the form

= (known factor$|V,,|? {

0 lattice or model
L Ottuke) | B

F.(1) = 1asgur-wise)+ calas) Mos m?, ce
lattice or model
F(1) = 1gsgur-wise)t+ cv(as) + ( — }SJF cee (54)
The perturbative corrections, = —0.04 andc¢y, = 0.02, have been computed to

ordera? [51], and the yet higher order corrections should be bela th level. The
order Aqcp/mg correction toF,(1) vanishes due to Luke’s theorefh. The terms
indicated by(lattice or modelsin Egs. (54) are only known using phenomenological
models or quenched lattice QCD at present. This is why therchation of|V,|
from B — D*(v is theoretically more reliable than that from — D/{v, although
both QCD sum rules and quenched lattice QCbsuggest that the ordérqep /M.
correction taF (1) is small (givingF (1) = 1.02 + 0.08 and1.06 + 0.02, respectively).
Due to the extras? — 1 helicity suppression near zero recdl,— D/7 is also harder
experimentally tharB — D*(v. Reasonable estimates®f(1) are around

F.(1) = 0.91 4 0.04. (55)

This value is unchanged for over five yedmmd is supported by a recent lattice restilt.
The zero recoil limit of theB — D*¢ rate is measured to Be

|Vip| Fu(1) = (38.3 £ 1.0) x 1072, (56)

yielding [V,| = (42.1 4+ 1.1egp £ 1.93) x 1073,

Another important theoretical input is the shapefef)(w) used to fit the data. It
is useful to expand about zero recoil and wifig) (w) = F. (1) [1 — pf,y(w — 1) +
ce(w — 1)? + ...]. Analyticity imposes stringent constraints between tiopes|?,
and curvature¢, at zero recoif® which is used in the experimental fits to the data.
Measuring theB — D/ rate is also important, because computfid ) on the lattice
is not harder thatF.(1). Other cross-checks will come from ratios of the form fastor
in B — D*(p, and comparing the shapes of the — D* and B — D spectra’
These can give additional constraintsg@nwhich is important because the correlation
betweerp? and the extracted value gf,,| F.(1) is very large.
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2.2.2 B — light form factors and SCET

In B decays to light mesons, there is a much more limited use offopeark symmetry,
since it does not apply for the final state. One can still deralations between the
B — plp, K*¢*/~, and K*v form factors in the large? region’® One can also
relate the form factors that occur i and D decays to one another. But the symmetry
neither reduces the number of form factors, nor does it geter their normalization
at any value of>. For example, it is possible to predibt — pl from the measured
D — K*/v form factors, using the symmetries:

— al'b Vi
— plo
0@ 1 (e (57)
dTle Vs

— K%
The form factor relations hold at fixed value of +/, that is, at the same energy of
the light mesons in the heavy meson rest frame. The validitiiese relations is also
limited to order one values af - v'. (While maximal recoil inB — D* andB — D
decays are - v' ~ 1.5 and1.6, respectively, iti3.5in B — pand18.9in B — 7.) A
limitation of this approach is that corrections to both heguark symmetry and chiral
symmetry could be- 20% or more each. It may ultimately be possible to eliminate all
first order symmetry breaking correctiGhgorming a “Grinstein type double ratiéf”
of the form factors that occur in the four decays, D) — (p, K*), but this method
will require very large data sets. The same region of phaageesflarge;> and modest
light meson energy) is also the most accessible to latticB Qalculations.

There have been important recent developments toward er hettlerstanding of
these form factors in th¢ < m? region. It was proposed some time ago that in the
heavy mass limit heavy-to-light semileptonic form factbexome calculable in pertur-
bative QCD?! There were several problems justifying such a proposalefample,
diagrams of the type in Fig. 11 can give contributions prtipoal to1/2? leading to
singular integrals« is the momentum fraction of one of the quarks). There hava bee
many attempts to separate “soft” and “hard” contributiomd anderstand how Sudakov
effects might regulate the singulariti&s.

It was recently proposétithat the 7 form factors that parameterize matrix elements
of all possible currentsf, A, S, P, T) in B — vector meson/ or K*) transitions have
extra symmetries and can be expressed in terms of two funsctio( &) and§(E), in
the limit wherem;, — oo and £, k- = O(my). In the same limit, the 3 form factors
that parameterize decays to pseudoscatas () are related to one functiogip(E).
Loosely speaking, these relations were expected to artaibe soft gluons cannot flip
the helicity of the energetic light quark emerging from theak decay.

A new effective field theory, the soft-collinear effectivebry (SCETS? %7 is being
developed, that is a systematic framework to describe fraghgrinciples the interac-
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Fig. 11. Contributions to heavy-to-light form factors: f8aonfactorizable part (left),

and “hard” factorizable part (right). Note that these piesiare somewhat misleading,
as explained in the text. (From Ref. [64].)

tions of energetic but low invariant mass particles witht spfanta. The dynamics of
a light quark moving along the direction with large energy) is simplest to describe
decomposing its momentum in terms of the light-cone coateisy = (p~,p,,p"),

Wt At ot
:n- —_— n. _E R
p P At po =P

nt

+pl +p* 5

~ [0+ o) +0oN)] Q,
(58)

wheren = (1,0,0,1) andn = (1,0,0,—1) are light-cone vectorsnf = 0), and
A ~ O(|pL|/p~) is a small parameter (please do not confuse it with the Wstéen
parameter!). We have used that the on-shell condition iegog~ ~ p? ~ A\2Q2. In
most applications ~ \/Aqcn/mp OF Aqep/my. The goal is to separate contributions
from the scaleg’ ~ Q%, QAqcp, andAgcp.

Similar to the field redefinition in HQET in Eq. (47), one camave the large
component of the momentum of a collinear quark by a filed radifin

b(x) = e PTE (), (59)

wherep = p~ n/2+p, contain the parts of the light quark momentum that can be para
metrically larger tham\qcp. An important complication compared to HQET is that

is not a fixed label on the collinear quark fields (in the sehsg the four-velocityyp,

is on heavy quarks), since emission of collinear gluons byaastess quark is not sup-
pressed and changgs Therefore, one has to introduce separate collinear gledasfi

in addition to collinear quarks and antiquarks. SCET givesjgerator formulation of
this complicated dynamics with well-defined power countingt simplifies all order
proofs of factorization theorems, while previously sucbgasses were analyzed only
in terms of Feynman diagrams.

As far as heavy-to-light form factors are concerned, thevaait region of phase
space is the smal}? region, whenm,,/E); is small. The goal is to have a clean
separation of contributions from momentum regiphsv E3;, EyAqcp, andAgcp.
There are two crucial questions when setting up such a framewrirst, it has to be
proven that such a separation is possible to all orders isttloeg interaction. It was
first shown at leading order im, that the infrared divergences can be absorbed into the
soft form factors’® However, the relative size of the soft and hard contribigtidepend
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on assumptions about the tail of the pion wave funétiar on the suppression of the
soft part due to Sudakov effects.SCET allows to prove factorization without such
assumptions, to all orders im, and to leading order in/Q(= 1/E,).” A generic
form factor can be split to two contributiod¥ Q) = f¥(Q) + f~(Q), where the two
terms arise from matrix elements of distinct operators betwthe same states. One

can write?
Q=12 [z (o [“ar 7. Q. m)

XJ(Z,JI,T’_,_,Q,IM(], )¢M($7M)¢E(T+7/~L)>
FEHQ) = Crl(Q, 1) G (Q. 1) (60)

The hard coefficients]’, Cy, andJ are process dependerdt; andT can be calcu-
lated in an expansion in,(Q), while the so-called jet function/, is dominated by
momentap® ~ QAqcp and starts at ordefi,(\/QAqcp). In Eq. (60)¢y and ¢f
are nonperturbative distribution amplitudes for the finason M and the initial B,
on which both contributions depend. The nonfactorizablke gepends on three soft
form factors,¢, which are universal nonperturbative functions. Only oneuos for
decays to pseudoscalars, and two for decays to vector methmssreproducing the
heavy-to-light form factor relatiorf8. The second question is to understand the power
counting of the two contributions, including possible siggsions byy,. Both terms
in Eqg. (60) scale ag\qcp/Q)%/2. It is yet unknown whether thg"" term might also
have amy(,/QAqcp) suppression! similar to that present i. Progress in theory is
expected to answer this in the formal, > Aqcp limit, and testing the one relation
between the three experimentally measurdble> p/v form factors could tell us about
the relative size of the two contributions for the physicglark mass.

There are many possible applications. For example, onelamd theB — K*v
rate to constrain th& — plv andB — K*¢*¢~ form factors relevant for the determi-
nation of|V,;| and searches for new physic¢sSome others are discussed in Sec. 2.4.2.

2.3 Inclusive semileptonicB decays

Sometimes, instead of identifying all particles in a dedadg,convenient to be ignorant
about some details. For example, we might want to specifetieegy of a charged lep-
ton or a photon in the final state, or restrict the flavor of thalfhadrons. These decays
are inclusive in the sense that we sum over final states whiclbe produced by strong
interactions, subject to a limited set of constraints deieed by short distance pertur-
bative physics. Typically we are interested in a quarkileamsition, such aé — /v,

b — s, etc., and we would like to extract the corresponding shistdce parameters,
|Vb|, C7(my), etc., from the data. To do this, we need to be able to modepieddently
relate the quark-level operators to the experimentallgssible observables.
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2.3.1 The OPE, total rates, and V|

In the largem,, limit, when the energy released in the decay is large, theaesimple
heuristic argument that the inclusive rate may be modeleglgiby the decay of a free
b quark. The argument is again based on a separation of tinthstance) scales. The
b quark decay mediated by weak interaction takes place oneadaale that is much
shorter than the time it takes the quarks in the final stat@nm fohysical hadronic
states. Once thiequark has decayed on a time scale A@D, the probability that the
final states will hadronize somehow is unity, and we need notwkthe (uncalculable)
probabilities of hadronization into specific final states.
Let us consider inclusive semileptorie— ¢ decay, mediated by the operator

AG R
V2
whereJ2 = (¢y*P,b) and.J, = ({~°P, v). The decay rate is given by the square of
the matrix element, integrated over phase space, and sumwveefinal states,

Osl - - ‘/cb (ch)a (Jéu)a 5 (61)

D(B — X.0) ~ 3 / d[PS] [(X.£7]04|B)[ . (62)
Xe

Since the leptons have no strong interaction, it is convertie factorize the phase
space intaB — X_.W* and a perturbatively calculable leptonic pa#t; — (. The
nontrivial part is the hadronic tensor,

W~ 3764 (ps — q — px) (Bl | Xe) (X Tl B)?
Xe

~ Tm / dz e (B| T{J () JE(0)} | B) . (63)

where the second line is obtained using the optical theoeei;/” denotes the time
ordered product of the two operators. This is conveniertabse it is this time ordered
product that can be expanded in local operators imthe> Aqcp limit.™ In this limit
the time ordered product is dominated by short distanees; Aq¢p, and one can
express the nonlocal hadronic ten$6f” as a sum of local operators. Schematically,

b b

(64)
This is analogous to a multipole expansion. At leading otterdecay rate is deter-
mined by theb quark content of the initial state, while subleading effeate parame-
terized by matrix elements of operators with increasing Ipemnof derivatives that are
sensitive to the distribution of chromomagnetic and chrelectric fields.
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At lowest order inAqcp /my this operator product expansion (OPE) leads to opera-
tors of the formb I" b, wherel is some (process-dependent) Dirac matrix. For +#
or v#~;5 their matrix elements are known to all ordersNgcp /m

(B(ps)|b7"b|B(pp)) = 2p = 2mp v*,
(B(ps)| 57”755 |B(ps)) =0, (65)

because of conservation of thguark number and parity invariance of strong interac-
tions. The matrix elements for oth&ts can be related by heavy quark symmetry to
these plu)(A¢p/m;) terms. Thus the OPE justifies that inclusiBedecay rates in
them;, — oo limit are given by freé quark decay.

To compute subleading corrections, it is convenient to uQ&EM There are no
O(Aqcp/my) corrections, because thie meson matrix element of any dimension-
4 operator vanisheg,B(v)| A?iD,I' hY)|B(v)) = 0. The leading nonperturbative
effects suppressed by}, /m; are parameterized by two HQET matrix elements,

1 () /- 1 —n g
M =— (B|MYED)?AY |B A= — (B|MY Z ¢, G"nY|B). (66
V=5 (BIRPGDP Y B), Xe= o (BIM 5000 G Y |B) . (66)
The B* — B mass splitting determings = (m%. —m%)/4 ~ 0.12 GeV?, whereas the
most promising way to determing is from experimental data on inclusive decay dis-
tributions, as explained below. The result of the OPE can beawritten schematically

as
i — (bdq“ark> X{Hi+Lf“)+...+as(...)+a§(...)+...}. (67)

At order A /mj, six new and largely unknown hadronic matrix elements eated
usually naive dimensional analysis is used to estimateriberntainties related to them.
For most quantities of interest, the perturbation serieskaown including thev, and
a?f, terms, whered, = 11 — 2n,/3 is the first coefficient of the QCD-function (in
many cases this term is expected to dominate the artleorrections).

In which regions of phase space can the OPE be expected tergeftvNear bound-
aries of the Dalitz plot the assumption that the energy seléa the final hadronic state
is large can be violated. It is useful to think of the OPE as»gaasion in the residual
momentum of thé quark,k, in the diagram on the left-hand side of Eq. (64). Expand-
ing the propagator,

1 1
(o T h—qF =2 [mw—qf —ml| ¥ k(o —q v 52’ %)

we see that for the expansion in powergab converge, the final state phase space can
only be restricted in a manner to still allow hadronic finaltes X to contribute with

mﬁ( - mg > EXAQCD > A(2QCD . (69)
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Before discussing the implications of this inequality,astio be mentioned that the
OPE implicitly relies on quark-hadron duality.This is simply the notion that averaged
over sufficiently many exclusive final states, hadronic dgiti@s can be computed at the
parton level. Its violations are believed to be small folyfuhclusive semileptonid3
decay rates (although this is not undispttgcowever, exactly how small is very hard
to quantify. Comparing differential distributions diseesl below appears to be the
most promising way to constrain it experimentally.

The good news from Eq. (69) is that the OPE calculation ofl t@itezs should be
under good control. The theoretical uncertainty is doneiddiy the uncertainty in a
short distancé quark mass (whatever way it is defined) and in the perturbatoies.
Using the “upsilon expansion”, the relation between théusige semileptonic rate and
V| iS™

B(B — X.t5) 1.6ps\ /2
mb|:(41.9i0.8(pert>io.5(mb)io.7(m)><10—3(( ) ps) . (70)

0.105 B

The first error is from the uncertainty in the perturbationese the second one from
the b quark massym;® = 4.73 & 0.05 GeV (a very conservative range of, may be
larger®), and the third one from\; = —0.25 + 0.25GeV?2. This result is in agree-
ment with Ref. [77], where the central valuedi8 x 10~3 (including a small, 1.007,
electromagnetic radiative correction).

Progress in the determinationsqf and )\, is likely to come from measurements
of shape variables in inclusivB decays® The idea is to look at decay distributions
independent of CKM elements to learn about the hadronionpetiers, that can in turn
reduce the errors of the CKM measurements. Such obsenaaiglestios of differently
weighted integrals of decay distributions (sometimesechfimoments”); specifically
the charged lepton ener@y®*? and hadronic invariant ma8s! spectra inB — X (v
and the photon energy spectrumin— X,v.%4 8 Comparing these shape variables
is also the most promising approach to constrain experiafigrihe accuracy of OPE,
including the possible size of quark-hadron duality vimat The presently available
measurements® do not seem to fit well together. It appears crucial to deteentie
B — D™¢p branching ratios with higher precision, to model indeperigemap out
the hadronic invariant mass distributionih— X /v decay, and to try to measure the
B — X,y spectrum to as low photon energies as possible. If the dwegetement
improves, then this program may lead to an errgiip| at the~ 2% level.

The bad news from Eq. (69) is that in certain restricted negjiof phase space the
OPE breaks down. This is a problem, for example, for the detetion of|V,;| from
B — X, (v, because severe cuts are required to elimiral®0 times largern — ¢
background. Similarly, inB — X,~, the rate can only be measured for energetic
photons that populate a modest region of phase sgate, — E;ni“ < 1GeV. Some of
the new theoretical problems that enter in such situatiomsligcussed next.
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2.3.2 B — X, tw spectra and|V,,|

If it were not for the huge? — X ./ background, measurin’,,| would be as “easy”
as|V,,|. ThetotalB — X,/ rate can be predicted in the OPE with small uncertainty,

B(B — X,(7)1.6ps\"/?
|Vub|:(3.04i0.06(p0rt)4_—0.08(mb))><10_3<( = Xul) ps) . (71

0.001 B

where the errors are as discussed after Eq. (70). If thig iindllusive rate is measured
without significant cuts on the phase space, fi€f] may be determined with less than
5% theoretical error.

When kinematic cuts are used to distinguish the> « signal from theb — ¢
background, the behavior of the OPE can become significamtige. As indicated by
Eq. (69), there are three qualitatively different regiohgloase space, depending on
how the invariant mass and energy of the hadronic final statdhé¢ B rest frame) is
restricted:

(i) m% > ExAqcp > Ajcp: the OPE converges, and the first few terms are ex-
pected to give reliable result. This is the case for the~» X /v width relevant
for measuringV,|.

(i) m%x ~ ExAqcp > Ajcp: an infinite set of equally important terms in the OPE
must be resummed. The OPE becomes a twist expansion andrivwbpgve
input is needed.

(i) mx ~ Aqcp: the final state is dominated by resonances, and it is not krimw
to compute any inclusive quantity reliably.

The charm background can be removed by several differerti@tic cuts:

1. E, > (m%—m%)/(2mp): the lepton endpoint region that was used to first observe
b — u decay;

2. mx < mp: the small hadronic invariant mass regir’?

3. Ex < mp: the small hadronic energy regidh;

4. ¢* = (pe + p,)? > (mp — mp)?: the large dilepton invariant mass regitin.
These contain roughly0%, 80%, 30%, and20% of the rate, respectively. Measuring
any other variable thaf, requires the reconstruction of the neutrino, which is amraj}
ing experimentally. Combinations of cuts have also beepgsed,g® with mx [95],

q* with E, [96], or mx with Ex [97].

The problem is that both phase space regions 1. and 2. bebathg tregime (ii),
because these cuts impose; < mp and Ex S mpg, and numerically\qcp mp ~
m32,. The regionmy < mp is better thank, > (m% — m%)/(2mp) inasmuch as
the expected rate is larger, and the inclusive descrip@xpected to hold better. But
nonperturbative input is needed in both cases, formallgeat 1) level, which is why
the model dependence increases rapidly ifithe cut is lowered belownp.”° These
regions of the Dalitz plot are shown in Fig. 12.

34



25 1 b—>callowed 25 1 b>callowed
20 BE= Ee>(mg-mi)2my 20 BE= my<mp

2 15 B ¢*>(mp-mp)? ¢ 15 B ?>(mp-mp)?

(GeV?) (GeV’)
10 10
5 theory 5
— breaks-éa__
05 1 15 2 “down 5 10 15 20 25
E¢ (GeV) mé (GeV?)

Fig. 12. Dalitz plots forB — X ¢i in terms of £, andq? (left), andm3, andq? (right).
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Fig. 13. B — X, /(v spectra —E, (left), m% (middle), andg? (right) — as given by
b quark decay includin@(«;) terms (dashed curves), and including the Fermi motion
model (solid curves).

The largeFE, and smalln x regions are determined by thejuark light-cone distri-
bution function that describes the Fermi motion insidefhmeson (sometimes called
the shape function). Its effect on the spectra are illustrat Fig. 13, where we also
show theg? spectrum unaffected by it. This nonperturbative functimmiversal at
leading order iM\qcp/my, and is related to th& — X, photon spectrurf These
relations have been extended to the resummed next-taalgadiler correction®, and
to include effects of operators other th@n contributing toB — X 7.1 Weighted
integrals of theB — X~ photon spectrum are equal to tBe— X, /v rate in the large
E, or smallmx regions. Recently CLE®' used theB — X, photon spectrum as an
input to determingV,;| = (4.08 £ 0.63) x 1073 from the lepton endpoint region.

The dominant theoretical uncertainty in this determinagiof |V,,| are from sub-
leading twist contributions, which are not relatedBo— X,v.!°2 The B — X, (v
lepton spectrum, including dimension-5 operators andewdiglg perturbative correc-
tions, is given by?

dr’ G2 m5 vu 2 5A A
_ M { {y2(3 —2y) + _12 y® + Eé y*(6 + By)] 20(1 —y)
b b

dy 19273 3m
)\1 11)\2] >\1 / }
S TR 96(1 — ) — ——928(1 — coope (72
[Gml% * 2m? (1-y) 6ms? (I=y)+ (72)
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The behavior neay = 1 is determined by the leading order structure function, Wwhic
contains the term3[0(1 — y) — X\, /(6m?) & (1 — y) + .. .]. The derivative of the same
combination occurs in th8 — X, photon spectrun'f?® given by

dr’ G% mg |‘/tb‘/t*‘2 OéC% )\1 — 9)\2 )\1 + 3)\2
& s 1427222 5 gy = LT g
dx 3274 K * 2m? >5( @) 2m? (1 -2)
A
_ A s - } 73

At subleading order, proportional t§1 — y) in Eq. (72) and t&/'(1 — ) in Eq. (73),
the terms involving\, differ significantly, with a coefficient1/2 in Eq. (72) and3/2

in Eq. (73). Because of the 11/2 factor, thej(1 — y) term is important in the lepton
endpoint region?>'*+1%  There is also a significant uncertainty at ordef.,/m;
from weak annihilatiod?1°2 Moreover, if the lepton endpoint region is found to be
dominated by ther and p exclusive channels, then the applicability of the inclasiv
description may be questioned.

In contrast to the above, in thé > (mp — mp)? region the first few terms in
the OPE determine the raté. This cut impliesEx < mp andmx < mp, and so
them3% > ExAqcp > A?QCD criterion of regime (i) is satisfied. This relies, how-
ever, onm,. > Aqcp, and so the OPE is effectively an expansionAigep /m...'*"
The largest uncertainties come from ord€y.,/m?, nonperturbative corrections, the
b quark mass, and the perturbation series. Weak annihild#hé&) suppressed by
A cp/mj is important, because it enters the rateyag — m;).'% Its magnitude is
hard to estimate, because it is proportional to the diffeeenf two matrix elements,
which are equal in the factorization limit. Assuming a 10%l&tion of factorization,
WA could be~ 2% of the B — X, /v rate, and, in turn~ 10% of the rate in the
q®> > (mp — mp)? region. The uncertainty of this estimate is large. Since tointri-
bution is also proportional t6( £, — m;/2), it is even more important for the lepton
endpoint region. Experimentally, WA can be constraineddayaring|V.,;| measured
from B° and B* decays, and by comparing th& and D, semileptonic widthg%

Combining theg? andmyx cuts can significantly reduce the theoretical uncertain-
ties? The right-hand side of Fig. 12 shows that tifecut can be lowered below
(mp — mp)? by imposing an additional cut omx. This changes the expansion pa-
rameter fromAqcp /m. to myAqen/(mi — ¢2,.), resulting in a significant decrease of
the uncertainties from both the perturbation series and tree nonperturbative correc-
tions. At the same time the uncertainty from thguark light-cone distribution function
only turns on slowly. Some representative results are giveable 3, showing that it
may be possible to determing,,| with a theoretical error at the 5% level using up
to ~ 45% of the semileptonic decays.
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Cutson Fraction Error dfV,|

q*> andmx of events dm;, = 80/30 MeV
6 GeV?, mp 46% 8% /5%
8GeV? 1.7GeV  33% 9% /6%
(mp —mp)?, mp  17% 15%/12%

Table 3.|V,;| from combined cuts op? andmx (from Ref. [95]).

2.4 Some additional topics

This section contains short discussions of three topidstiiege was no time to cover
during the lectures, but were included in the printed slid&lgpping this section will
not affect the understanding of the rest of this writeup.

2.4.1 B decays to excitedD mesons

Heavy quark symmetry implies that in the, — oo limit, matrix elements of the
weak currents between/ameson and an excited charmed meson vanish at zero recoil.
However, in some cases at ordefcp/mg these matrix elements are nonzero and
calculable'®® Since most of the phase space is near zero retgilp /m corrections
can be very important.

In the heavy quark limit, for each doublet of excitBdmesons, all semileptonic de-
cay form factors are related to a single Isgur-Wise functi8rt O(Aqcp/mg) many
new functions occur. IB — (D, D3)(v there are8 subleading Isgur-Wise functions
(neglecting time ordered products with subleading ternthénLagrangian, which are
expected to be small or can be absorbed), but dolthem are independeft? More-
over, inB — orbitally excitedD decays, the zero recoil matrix elementdt\qcp/mg)
is given by mass splittings and the, — oo Isgur-Wise function. For example, in

B — Dy (v decay'® )
1) = = (N = R)7(1). (74

Here fy, is the form factor defined by

D\, ) [VHB(v)) = y/mpmg [fue™ + (fir” + fio™) (€ -v)],  (75)

which determines the rate at zero recoil, similahtg in B — D* decay defined in
Eq. (51). Herer denotes the leading order Isgur-Wise function, Ahi themp, —m,
mass splitting in the heavy quark limi\(— A = A, in Fig. 9). Using Eq. (74),
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the decay rate can be expanded simultaneously in powets,@f/mo andw — 1
schematically as

dl(B — Dy(p)

o w2—1[7(1)]2{0—0—0(11)—1)+(...)(w—1)2+...

dw
+Aacp [0+ (almost calculablgw — 1) + ... |
mq
Adcp
T [(calculablg + .| + ... } (76)

The zeros and the calculable terms are model independaticiioas of HQET, while
the “almost calculable” term has a calculable part that geeted to be dominant.

There are many experimentally testable implications. Cne least model de-
pendent is the prediction for

_ B(B — Djtv)
k= B(B — Dylp)’ (77)
because the leading order Isgur-Wise function drops ougtmoa approximation. This
ratio is around. .6 in the infinite mass limit, and it was predicted to be reducealiout
0.4 — 0.7,'% because\qcp/m. corrections enhance thg — D rate significantly but
hardly affectB — Dj. The present world average is abOut + 0.15.

To compare theB — (D, Dj) rates with(Dg, D), we need to know the leading
Isgur-Wise functions. Quark models and QCD sum rules ptebat the Isgur-Wise
function for the broad Df, D) doublet is not larger than for the narro,, Dy)
doublet!'® These arguments make the laige— (D;, D;)(v rates puzzling.

Another way the theory of these decays can be tested is vieptonic decays.
Factorization inB — D**r is expected to work as well as i — D™ 1 (see Sec. 3.3),

3 | Vial? C2 f2 y <dFsl>

I, (78)

mir dw
wherer = mp«/mp, fr =~ 131 MeV, wya, = (1 +72)/(2r) ~ 1.3 in these decays,
andC'|V,q4| ~ 1. (As we will see in Sec. 3.3.1, this test would be more reéahl
B° decay, however that is harder to measure experimentaltyip#eresting ratio with
little sensitivity to the leading order Isgur-Wise fungtiovas recently measured with
good precisioh!

B(B~ — D3°r)
B(B- — D{n~)
whereas the CLEO result wass + 0.9.11? Figure 14 shows thak, is very sensitive
to the subleadin@(Aqcn/mg) Isgur-Wise functions7; and7,. Assuming that they
are below500 MeV (which is not an unusually large value by any means), ety

R, =

—0.89 £ 0.14, (79)
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Fig. 14. Factorization prediction fat, defined in Eq. (79) as a function offor 7, = 0
(solid curve), and as a function of for 7, = 0 (dashed curve). (From Ref. [108].)

predictsR, < 1. NeglectingAqcp/mg corrections,'? the prediction isk, ~ 0.35, as
also seen from Fig. 14. We learn that the BELLE result in EQ) @grees well with
theory, which is a success of HQET in a regime with large $eitgito Aqcp/mg ef-
fects. It constrains the subleading Isgur-Wise functievtich has useful implications
for the analysis o8B — D,/v and D; (v decays.

Sorting out these semileptonic and nonleptonic decaysditeekD’s will provide
important tests of HQET, factorization, and will also imptie determinations d¥/;|.

2.4.2 Exclusive rare decays

Exclusive rare decays are interesting for a large varietyeakons. As any flavor-
changing neutral current process, they are sensitive probeew physics, and within
the SM they are sensitive 1¢},| and|V;,|. For example B — K™®¢t ¢~ or B —
X (+¢~ are sensitive to SUSY, enhancled” penguins, right handed couplings, etc.
Exclusive rare decays are experimentally easier to medlsareinclusive decays,
but a clean theoretical interpretation requires modelpedeent knowledge of the cor-
responding form factors. (However, certéit® asymmetries are independent of them.)
It was originally observed that there is an observable, thedrd-backward asymme-
try in B — K*(*(~, App, that vanishes at a value of the dilepton invariant mass,
independent of form factor modél$ (nearq? = 4 GeV* in the SM, see Fig. 15). This
was shown to follow from the large energy liniit® as far as the soft contributions to
the form factors are concerned. One finds the following iniptiquation forg?

2 A
Colaf) = ~Cr 2™ |14 0( 40,7, 282

q90 my

. (80)
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Fig. 15. Forward-backward asymmetryih— K*¢*(~ decay in different form factor
models § = ¢°). (From Ref. [114].)

The quotation marks around tle corrections indicate that it is actually not known
yet whether these are formally suppressed compared toeghditig” terms. The order
a, terms have been calculatéd.,'> but reliable estimates of thegcp/Erx- terms are
not available yet. It is hoped that with future theoreticadelopments the vanishing of
Aprp will allow to search for new physicsG is known fromB — X,~, so the zero
of Arp determineg’y, which is sensitive to new physic§{, are the effective Wilson
coefficients often denoted 7%, andCy has a milds>-dependence).

There has also been considerable progress refining pawdor B — K*~ and
pv. The calculations 0P («;) corrections show a strong enhancement()%) of the
B — K*v rate!'>116 The counting ofy, factors is again not firmly established yet.

The form factors also enter the prediction for the isosplittspy. These are power
suppressed corrections, but were claimed to be calculaitheseme assumptionts?
The prediction,

I'(BY - K*%) —T'(B~ — K*7v) 0.3

N = —=—= = — x (0.087292) 81
0 [(B° — K%) + (B~ — K*) TP K ( —0.03) (81)

Is to be compared with the present world averdage + 0.07.
Testing these predictions is important in their own riglasd may also help to
understand some assumptions entering factorization imdbas nonleptoni@& decay.

2.4.3 Inclusive rare decays

RareB decays are sensitive probes of new physics. There are meamgsting modes
sensitive to different extensions of the Standard Modetl. dxample,B — X,y pro-
vides the best bound on the charged Higgs mass in type-Il tiggsoublet model,
and also constrains the parameter space of SUSY modelsr @tieedecays such as
B — X/(*¢~ are sensitive through theZ effective coupling to SUSY and left-right
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Decay mode Approximate SM rate Present status

B— X, 3.6 x 10~ (3.4 4 0.4) x 10~
B — X,vv 4x107° <7.7x107*
B — Tv 4 x 1075 <5.7x107*
B — X 0 5x 1076 (6+£2)x 1076
By — 1™ 1x1076
B — X777 5x 1077
B — uv 2x 1077 <6.5%x 107
By — utu~ 4 %107 <2x1076
B — utu~ 1x 10710 <28 x 1077

Table 4. Some interesting rare decays, their SM rates, askpt status.

symmetric modelsB — Xwvv can probe models containing unconstrained couplings
between three 3rd generation fermidfs.

We learned in the last year that the CKM contributions to daeays are probably
the dominant ones, as they are toP violation in B — ¢ Kg. This is supported by
the measurement d¥(B — X,v) which agrees with the SM at the 15% le¥/el;
the measurements & — X, /¢~ and B — K{¢*/~, which are in the ballpark of
the SM expectatiori®!2!; and the non-observation of dire€tP violation inb — s+,
Acp(B — Xy) = —0.08 £0.11"22 and A¢p(B — K*v) = —0.02 £ 0.05,'*® which
are expected to be tiny in the SM. These results make it uglikat new physics yields
order-of-magnitude enhancement of any rare decay. It ignikely that only a broad
set of precision measurements will be able to find signalewof physics.

At present, inclusive rare decays are theoretically cletran the exclusive ones,
since they are calculable in an OPE and precise multi-lospli®exist (see Ref. [124]
for a recent review). Table 4 summarizes some of the mosteistieg modes. The
b — d rates are expected to be about a factof1gf/V;,|* ~ \? smaller than the
corresponding — s modes shown. As a guesstimatebin> ¢ [;l, decays one expects
10 — 20% K*/p and5 — 10% K /.

A source of worry (at least, to me) is the long distance cbation, B — ¥ X
followed byt — ¢*¢~, which gives a combined branching ratldB — X (7(7) ~
(4 x1073) x (6 x 1072) &~ 2 x 10~%. This is abouB0 times the short distance contri-
bution. Averaged over a large region of invariant massed (an ¢*> < m% should be
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large enough), ther loop is expected to be dual o+’ +. . .. This is what happens in
ete” — hadrons, inr decay, etc., but apparently not here. Is it then consistefdit
out” thet andy’ regions and then compare the data with the short distancelagbn?
Maybe yes, but our present understanding is not satisfactor

2.5 Summary

e |V, is known at the~ 5% level; error may become half of this in the next few
years using both inclusive and exclusive determinatiattef will rely on lattice).

e Situation for|V,,| may become similar to preselif,|; for precise inclusive deter-
mination the neutrino reconstruction seems crucial (tlobusive will use lattice).

e For|V,|and|V,,| important to pursue both inclusive and exclusive measunésne

e Progress in understanding heavy-to-light form factorg’ir< m? region: B —
plo, K®~, and K®¢+/~ below they = increase sensitivity to new physics.
Related to certain questions in factorization in charmékessays.

3 Future Clean C' P Measurements, NonleptonidB De-
cays, Conclusions

This last lecture discusses several topics which will pfaportant roles in the future
of B physics. First, the complications of a clean determinatibthe CKM angle«
from B — 7ww decays, and how those might be circumvented. Then we discuse
future cleanC' P measurements, such & — D,K andB — DK. Although some
of these measurements are only doable at a sBprctory and/or LHCb/BTeV, their
theoretical cleanliness makes them important. The secaifdohthe lecture deals
with factorization inB — D™ X type decays and its tests, followed by the different
approaches to factorization in charmless decays and sossébfmapplications.

Effective Hamiltonians NonleptonicB decays mediated kB = —AC = +1
transitions are the simplest hadronic decays, describelebgffective Hamiltonian

4G
H= TF VoV ZC 1) +he. (82)
whereq = s or d, and
O1(p) = (2t (E7"b7) Os(pr) = (q2yuuf) (G170 (83)
1 qrutp)\Cy 0r) 21 qrYpur) \ €y ) -
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Here « and ¢ are color indices. Th\B = AC = +1 Hamiltonian is related to
Egs. (82)—(83) by the trivial < u interchange.
Decays withAB = +1 andAC = 0 are more complicated,

4GF N ViV ZC p) +hee. (84)

j=u,c
The C; are calculable Wilson coefficients, known to high precisiéa write Eq. (84),
the unitarity relation/,V,; = -V, V3, — VipVir, is used to rewrite the CKM elements
that occur in penguin diagrams with intermediate top quarterms of the CKM ele-
ments that occur in tree diagrams. The operator basis isotionally chosen as

Of = (@8v.31) (GEAmbs) | 0% = (q8v,.38) (GLybL) |
Os = @b S qiv"dr ., Os = gl Sl
q q (85)
Os = @107 qu a5, O = GPvub Y ai"drs
q/
g

Og = — ,

8 1672 p

wherej = c or u, and the sums run ovef = {u,d, s, ¢, b}. In Os, G, is the chromo-
magnetic field strength tensor. Usually andO, are called current-current operators,
O3 —0Og are four-quark penguin operators, anglis the chromomagnetic penguin oper-
ator. These operators arise at lowest order in the electdownteraction, i.e., diagrams
involving a singlel’ boson and QCD corrections to it. In some cases, especiabypwh
isospin breaking plays a role, one also needs to considgupediagrams which are
second order i,,. They give rise to the electroweak penguin operators,

e

Or = 1672 my qp 0" Fpu by,
3 ow _ 3 o
o™ = 92 qLbs D ey T ah 05" = 9 7ub€ Zeq' dn"ai (86)
q ¢
3 o o ew 3 ﬂ
oY = 5qL%bL Zeq’ Q/LﬁV“qzﬁa O% = 5‘1 Zeq QL7 ar
q v

Here F'* is the electromagnetic field strength tensor, apdenotes the electric charge
of the quarky’.

Sometimes the contributions to decay amplitudes are Gkeddy the appearance
of Feynman diagrams with propagating top quaiksand Z bosons, and people talk
about tree (T), color-suppressed tree (C), penguin (P)vwaeak annihilation ofV -
exchange (W) contributions. While this may be conveniesbime cases, the resulting
arguments can be misleading. The separation between thas#ations is usually
ambiguous, as the “tree” and “penguin” operators mix uniderénormalization group.
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Fig. 16. “Tree” (left) and “Penguin” (right) contributiots B — 77 (from Ref. [40]).

At the scalem,, the physics relevant for weak decays is described by theatgrerin
Egs. (83), (85), and (86), and their Wilson coefficients, Hrate are no propagating
heavy particles. Usually one calls tlig and O, contributions (plus possibly a part
of O3 — Og andOy) “tree”, while O3 — Og and Oy (plus possibly a part o®; — O,)
“penguin”. Below we will try to state clearly what is meanteach case.

3.1 B — wmw — beware of penguins

We saw in Sec. 1.6.2 that tiéP asymmetry inB — ¢ K gives a theoretically very
clean determination aofin 23, because the amplitude is dominated by contributions
with a single weak phase. Similar to that case, there aratrdgpenguin contributions

to theB — n*7~ amplitude as well, as shown in Fig. 16. The tree contributimmes
from b — wud transition, while there are penguin contributions withetindifferent
CKM combinations

Ar =V V¥ Tuaa s Ap =V Vi P+ Va Vi Po+ Vi Vi P (87)

The convention is to rewrite the penguin contributions im® of V,,, V.2, and V;, V5
linstead ofV_, V%, as in Eq. (84)] using CKM unitarity as

Z:Vvubv;;kd(iruﬂd_|'Pu_Pc)‘*"/tb tZ(Pt_Pc)
= VaVg T+ Vi Vig P (88)

where the second line definésand P. If the penguin contribution was small, then the
C P asymmetry inB — 77~ would measurém\(*® = sin 2a, since

Vip Vi ViV, 4
)\(troc) _ ( tb td)( ub ud) — plia 89
SN VAT ©9

U

The first term is the SM value af/p in B; mixing and the second one ik /Ar.
The crucial new complication compared Bb — Ky is that the CKM elements
multiplying both contributions in Eq. (88) are of ordet, and sd (Vi V,5)/ (Vi V)| =
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O(1), whereas the analogous ratioBh— ¢ K5 in Eq. (43) wag(V, V.5 /(Vap Vi) | =~
1/50. Therefore, we do not know whether amplitudes with one wessp dominate,
and our inability to model independently computgl” results in a sizable uncertainty
in the relation betweehm )\, andsin 2. If there are two comparable amplitudes with
different weak and strong phases, then sizdbleviolation in theB — 7+t7~ decay

is possible in addition to that in the interference betweexing and decay.

Present estimates ¢P/T’| are around).2 — 0.4. The largeB — K7 decay rate,
which is probably dominated by the — s penguin amplitudes, implies the crude
estimatg P/T| ~ \\/B(B — Kr)/B(B — nr) ~ 0.3,i.e.,|[P/T| £ 1. The BABAR
and BELLE measurements do not yet show a consistent picture. BELLE measured a
large value folC.; [see the definition in Eq. (40)], while the BABAR result is sistent
with zero. If C, is sizable, that implies model independently that'7"| cannot be
small. However, iiC,, is small, that may be due to a small strong phase betweef the
and7 amplitudes and does not imply model independently tRaf’| is small, nor that
Sx- IS close tasin 2. The central value of the BELLE measurement indicates thiit b
the magnitude and phase Bf T" has to be large, whereas the BABAR central value is
consistent with a modegP/T'|.

There are two possible ways to deal with a non-negligiblegpencontribution:

(i) eliminate P (see the next section); or (ii) attempt to calcul&ésee Sec. 3.4).

3.1.1 Isospin analysis

Isospin is an approximate, glob&l/(2) symmetry of the strong interactions, violated
by effects of ordef(my — m,)/(47f,) ~ 1%. It allows the separation of tree and
penguin contribution$® Let's see how this works. Theu, d) quarks and théd, @)
antiquarks each form an isospin doublet, while all othetifqnarks are singlets under
SU(2) isospin. Gluons couple equally to all quarks so they aresifsglets. They and
the Z are mixtures of = 0 and1, as they have unequal couplingsuto anddd.

The transformation oB mesons are determined by their flavor quantum numbers,
i.e., (B% B~) formanI = ; doublet. The pions form ah = 1 triplet. Since theB
meson and the pions are spinless particles, the piofs ## 77 decay must be in a
state with zero angular momentum. Because of Bose statistie pions have to be in
an even isospin state. While7°) is manifestly symmetric, when writing*=~) and
|7%7~) whatis actually meant is the symmetrized combinationsz—)+|7~7+)) /v/2
and (|7°7~) + |7~ 7°))/v/2, respectively. The isospin decompositiongdtz®) and
|7t~ ) were given in Eq. (24), so we only need in addition

7o) = [(77)1=2) - (90)
The b — wud Hamiltonian is a mixture of = % and % More precisely, it has
II,I.) = |3,—3) and |2, —1) pieces, which can only contribute to tie= 0 and
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I = 2 final states, respectively. The crucial point is that thegogmoperators@; — Og
andOs) only contribute to thel, I.) = |1, —3) part of the Hamiltonian, because the
gluon is isosinglet (these operators involve a flavor spyig’). If we can (effectively)
isolateC' P violation in thel = 2 final state then the resulting asymmetry would deter-
minesin 2a. However, electroweak penguin operataps pndOsY — OF in EQ. (86)]
contribute to both/ = % andg pieces of the Hamiltonian, and their effects cannot be
separated from the tree contributions via the isospin aigly

Besides the decomposition of the final state in Egs. (24) and (90), we also have
to consider the combination of th8° and B~ with the Hamiltonian, where another
Clebsch-Gordan coefficient enters. The % part of the Hamiltonian only contributes
to B® decay. However, thé = 2 part has different matrix elements B’ and B~
decay:(B°|Hi_so|(mm)1=2) = (1/V/2) Az, While (B™|H—3 2| (77) 122) = (v/3/2)As.
Thus theA, = A,/+/2 amplitude inB° decay has to be multiplied W to get the
relative normalization of th&~ amplitude right. We thus obtain

—_ — 1 2
A" = AB° — 7% = —\/;Ao + \/;AQ,

AT = AB® - ntr) = \/%AO + \/%Ag :
A" = AB” —1'17) = \/gAg. (91)
This implies the triangle relation:
% A+ 4 A0 = A0 (92)

Similar isospin decompositions hold f&° and B+ decays, yielding another triangle

relation
1

V2
Since only a single isospin amplitude contributesito and A°*, we have|A°~| =
|A%F| (however, in general AT~ # |At~| and|A%| # |A%|). So one can superim-
pose the two triangles by introducioy/ = e~2¢1 4% whereg, = arg(Vi, V).
Measuring the six decay rates entering Eqgs. (92) and (98Walthe construction
of the two triangles shown in Fig. 17. Measuring in additiba time dependernd' P
asymmetry inB — 7 t7~ determines

AT 4 A% = A0+ (93)

g

ImA . —Im <e2m o

) — Im e2(atd) (94)

Sinced, the strong phase difference betweéh~ and A*—, is known from the con-
struction in Fig. 17, this provides a theoretically cleated@ination of the CKM angle
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Fig. 17. The isospin triangles of Eqgs. (92) and (93).

«. Probably the dominant remaining theoretical uncertamtjue to electroweak pen-
guins mentioned above, that cannot be eliminated with th&pis analysis. This has
been estimated to give@5% uncertainty* There is also a four-fold discrete ambiguity
in § corresponding to reflections of each of the two triangleaglhe A°* side.

A similar analysis is also possible iB — pm decays. A complication is that the
final state contains non-identical particles, so it can have0, 1, and2 pieces. Then
there are four amplitudes, and one obtains pentagon nesfionstead of thes — 7w
triangle relations. It may be experimentally more feastblelo a Dalitz plot analysis
that allows in principle to eliminate the hadronic uncenrtis due to the QCD penguin
contributions by considering only the" 77 final state'?®

3.2 Some future clean measurements

We discuss below a few theoretically clean measuremertteidnaplay important roles
in overconstraining the CKM picture (in addition — ¢ K discussed in Sec. 1.6.3,
and B — x7 [pr] with isospin [Dalitz plot] analysis discussed above). 3@also
indicate the complementarity between high statistiocs™ and hadronid3 factories.

3.2.1 B, — ¢¢and B, — yn?

SimilartoB — ¢y Kg 1, theC' P asymmetry inB, — )¢ measures the phase difference
betweenB, mixing andb — ccs decay,f,, in a theoretically clean way. The greater
than 10% CL range ofin 23, in the SM i$? 0.026 < sin 23, < 0.048 (see Fig. 18).

The ¢ final state is not a pur€ P eigenstates, but it hasP self conjugate par-
ticle content and can be decomposed i6tB-even and odd partial waves. An angu-
lar analysis can separate the various components, and roeig@itheoretically clean
information onj,. Even before this can be done, one can search for new physics,
since the asymmetry measured without the angular analgsisonly be smaller in
magnitude tharsin 23,. If o? is the C P-even fraction of thep¢ final state (i.e.,
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Fig. 18. Confidence levels afn 23, in the SM with and without including the con-
straint from theC' P asymmetry inB — ¢ K (from Ref. [39]).

[Wp) = a|CP = +) + 1 —a2|CP = -)), thenS,, = (2a® — 1) sin 23,. Thus, the
observation of a large asymmetry would be a clear signatunew physics.

The advantage aB, — n"") compared ta3, — ¢ is that the final states are pure
C'P-even. BTeV will be well-suited to measure tbd” asymmetries in such modes.

322 By — DfKTand By — DW*n¥

In certain decays to final states which are nt® eigenstates, it is still possible to
extract weak phases model independently from the interéerdetween mixing and
decay. This occurs if botB° and B° can decay into a final state and s> conjugate,
but there is only one contribution to each decay amplitudsuth a case no assumption
about hadronic physics is needed, even thaughiA;| # 1 and|A/A5| # 1.

An important decay of this type 8, — DF KT, which allows a model independent
determination of the angte.!?® Both BY and BY can decay td} K~ andD; K, but
there is only one amplitude in each decay correspondingettrée leveb — cus and
b — ucs transitions, and theif’ P conjugates. There are no penguin contributions to
these decays. One can easily see that

Ap+ - A (VCqu*s) Ap- g+ Ay (Vub‘/;)

Aps - A

VibVes

Ap- e+ A

95
ViV )

where the ratio of hadronic amplitudes, /A,, includes the strong (but not the weak)
phases, and is an unknown complex number that is expecteg ob drder unity. It
is important for the feasibility of this method thgt,,V,,| and |V,,V.| are both of
order A3, and so are comparable in magnitude. Measuring the four dependent
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decay rates determing,+ .~ andAj,- ... The ratio of unknown hadronic amplitudes,
Ay /As, drops out from their product,

L*Lts 2 icbi* LubL* — 2% (~y— _
)\ _ )\ — = < tb ) ( US) ( CS> _ 27,(’y 26& BK) . 96
DK DK V;tbv;t: Vu*b‘/cs VJZVus ¢ ( )

The first factor is the Standard Model valueggp in B, mixing. The angleg, and [
defined in Eq. (18) occur in “squashed” unitarity triangl@sijs of order\? and 3y is
of order\*. Thus we can get a theoretically clean measurement-o®3,.

In analogy with the above, the time depend&gt— D®)*x¥ rates may be used
to measurey + 23, sinceAp+,- Ap-.+ = exp [—2i(y + 20)]. In this case, however,
the ratio of the two decay amplitudes is of ordér and therefore thé’ P asymmetries
are expected to be much smaller, at the percent level, mékisgneasurement i3,
decays rather challenging.

3.23 B* — (D° D°)K* and~

Some of the theoretically cleanest determinations of threkvpbase relyonB — DK
and related decays. The original idea of Gronau and Wylertavaseasure two rates
arising fromb — cus andb — ucs amplitudes, and a third one that involves their inter-
ferencet? Thus one can gain sensitivity to the weak phase between thartwlitudes,
which is+ in the usual phase convention. Assuming that there (S Roviolation in the

D sector (which is a very good approximation in the SM), andrniledj theC' P-even

and odd states as ]

V2

imply the following amplitude relations,

DY) = —= (ID% % DY), (97)

V2ABT — K*DY%) = A(B" — KtD°) + A(B™ — K™D"),
V2A(B~ — K~ DY) = A(B- — K~D° + A(B~ — K~D"). (98)

In the first relation, for example3* — K*D"is ab — c transition,B* — K+D°
isab — w transition, andB* — KDY receives contributions from both. Then
the triangle construction in Fig. 19 determines the weaksphaetween thé — «
andb — wu transitions, which i~ (in the usual phase convention). There is again
a four-fold discrete ambiguity corresponding to the reftext of the triangles. Since
all the quarks which appear iB — DK decays have distinct flavors, the theoretical
uncertainty arises only from higher order weak interacétiacts (including, possibly,
D — D mixing). There are again no penguin contributions, as in 3&c2.

In practice there are significant problems in the applicat this method. Al-
though the amplitudes in Eg. (98) are the same order in thdeistein parameter,
the triangles in Fig. 19 are expected to be squashed be¢tus®,,| < A and the
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2A(BT — K+D°
V2A( +) A(Bt — K+D%)

A(B* = K*D") = A(B~ — K~DV)

Fig. 19. Relations betweefi* — D K* amplitudes that allow determination of

Bt — K*D° decay is color suppressed. The “long” sides of the triange® been
measured, including reconstruction of theén C P eigenstate$}! The amplitude ratio
is estimated based on naive factorization as

|A(B* — K*D°)| | ViV
|A(BT — KD VeV,

1
— ~ 0.1 99
NC 0 57 ( )

where No = 3 is the number of colors. As a result, the measurementloB* —
K*+DY%)| using hadronicD decays is hampered by a significant contribution from the
decayB* — K*DPY, followed by a doubly Cabibbo-suppressed decay offtie

This problem can be avoided by making use of large final staggactions inD
decays. One can consider common final statg3‘%énd D decay, such that?

BT — KTD° — K*f;, D° — KT f, doubly Cabibbo-suppressed
Bt — KTD° — K*f,, D° — K*f, Cabibbo-allowed (100)

which reduces the difference of the magnitudes of the tweriating amplitudes. By
using at least two final states (e.¢i,,= K~ 7" andf, = K~ p*) one can determine all
strong phases directly from the analyS¥s.

It may be advantageous, especially if the amplitude ratiBgn(99) is not smaller
than its naive estimate, to consider only singly Cabibbppsessed decays*® In this
case the two final states can ke K*¥, corresponding to simply flipping the charge
assignments, because thé — K+ K*~ andD" — K~ K** rates differ significantly.
This measurement is less sensitivéXb— D° mixing than considering doubly Cabibbo-
suppressed decays** Moreover, all the modes that need to be measured for this
method are accessible in the present data sets.

3.3 Factorization inb — c decay

Until recently little was known model independently abaxitlasive nonleptonid@ de-
cays. Crudely speaking, factorization is the hypothesisg #tarting from the effective
nonleptonic Hamiltonian, one can estimate matrix elemefitsur-quark operators by
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Fig. 20. lllustration of factorization ilB — Dm. Left: typical diagram in full QCD.

Right: typical diagram in SCET at leading order Agycp/mq. The ® denotes the
weak Hamiltonian, double lines are heavy quarks, gluonk aiine through them are
collinear. (From Ref. [138].)

grouping the quark fields into a pair that can medidte~ M; decay (\/; inherits the
spectator quark from th8), and another pair that can describe vacuam\/, transi-
tion. ForAf, = D™ andAM, = , this amounts to the assumption that the contributions
of gluons between the pion and the heavy mesons are eitledaalle perturbatively
or are suppressed bygcp/mg-

It has long been known that if/; is heavy and\/, is light, such a3’ — D™+ 7~
then “color transparency” may justify factorizatiétt. 136 The physical picture is that
the two quarks forming the must emerge from the weak decay in a small (compared to
A@D) color dipole state rapidly moving away from tihemeson. At the same time the
wave function of the brown muck in the heavy meson only hashtmge moderately,
since the recoil of theD is small. While the ordery, corrections were calculated a
decade agd’® it was only shown recently, first to 2-loofdé and then to all orders
in perturbation theory?® that in such decays factorization is the leading result in a
systematic expansion in powerS@J(mQ) andAqcp/mg. The factorization formula
for B> — D®+r~ andB~ — D™~ decay i$%"1%8

1
(D 7| Oi(p0) |B) = iNwwy Fy_peo f”/o da T(z, po, 1) dx(z, 1) - (101)

whereO; , are the color singlet and octet operators in Eq. (83) thatdodhe effective
Hamiltonian in Eq. (82). Diagrams such as the one in Fig. 2@henleft give contri-
butions suppressed hy; or Aqcp/mys, and the leading contributions (iNgep /)
come only from diagrams such as the one in Fig. 20 on the righteading order,
soft gluons decouple from the pion, and collinear gluonshwitomenta scaling as
(p=,pt,p") ~ (my, Agep, Adep/ms) couple only to the hard vertex [see discussion
around Egs. (58) — (59)], giving rise to the convolution gred.

In Eg. (101),N = (m% — m%)/4 andN, = mp- (¢* - pg)/2 are kinematic factors.
There are several nonperturbatlve quantltiéég b is the B — D®) form factor at
¢*> = m2 measurable in semileptoni¢ — D™ (i decay,f, is the pion decay constant,
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and ¢, is the pion light-cone wave function that describes the gbility that one of
the quarks has momentum fractierin the pion. TheT (x, 1o, 1) is a perturbatively
calculable short distance coefficient. (Strictly speakifigdepends on a third scale,
i/, that cancels the’-dependence of the Isgur-Wise functigiw, 1), which deter-
minesFy_, - .) Contrary to naive factorization, which corresponds ttisg .o = m,
andT = 1, Eq. (101) provides a consistent formulation where theesaald scheme
dependences cancel order by orderinbetween the Wilson coefficients; (1) and
T(x, o, 1) in the matrix elements.

The proof of factorization applies as long as the meson tinrits the brown muck
from the B meson is heavy (e.g)™¥, D, etc.) and the other is light (e.gr, p, etc.).
The proof does not apply to decays when the spectator quaheiB ends up in the
pion, such as color suppressed decays of the Bfpes D7, or color allowed decays
of the typeB — D #*. Annihilation and hard spectator contributions to all deca
discussed are power suppressed if one assumes that taibetits wave functions
behave a$Aqcp/mp)* with a > 0.

While the perturbative corrections(z, 1, 1) are calculable, little is known from
first principles about the correction suppressed by powersyon /mg. Some possi-
bilities to learn about their size is discussed next.

3.3.1 Tests of factorization

It is important to understand quantitatively the accuratyaotorization in different
processes, and the mechanism(s) responsible for fadioriznd its violation. Factor-
ization also holds in the large number of colors limit.(— oo with a,N. = constant)
inall B — M; M type decays, with corrections suppressed hy?, independent of
the final mesons. If factorization is mostly a consequenagaeatfurbative QCD, then
its accuracy should depend on details of the final stateedime proof outlined in the
previous section relies o/, being fast (n/E < 1), whereas the larg&%. argument
is independent of this. It would be nice to observe deviatitmat distinguish between
these expectations, and to understand the size of poweresgsgl effects.

Of the nonperturbative input needed to evaluate Eq. (1688t — D™ form
factors that enteF’, ., are measured in semileptonit — D™ ¢ decay, and the
pion decay constanf, is also known. The pion light-cone wave functionis(xz) =
6x(1 —x) + ..., where the corrections are not too important since thesaydeeceive
small contributions fromx near0 or 1. Thus, in color allowed decays, such/a% —
D®+r=andD®+p~, factorization has been observed to work attb# level. These
tests get really interesting just around this level, sineewould like to distinguish
between corrections suppressedMy-p/m., and/orl /N?.

At the level of existing data, factorization also worksin — D) D®) decays,
where both particles are heavy. It will be interesting toathehether there are larger
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corrections to factorization iB° — D) ~7* decay than inB° — D®*7~, since
the former is expected to be suppressed in additiofi’t9/V.,|? by Aqep/me, as
well. 13910 For this test, measurement of tie — =/ form factor is necessary.
Another test involves decays to “designer mesons”, sucB’as- D®+d~ (where
d = ay, by, T2, €tc.), which vanish in naive factorization, so the ordgandAqcp/m.p
terms are expected to be the leading contributiéhs.

One of the simplest detailed tests of factorization is thegarison of theB" —
D®+r— and B~ — D™Or~ rates and isospin amplitudes. These rates are predicted
to be equal in then., > Aqcp limit, since they only differ by a power suppressed
contribution toB~ — D®°7~ when the spectator in thB ends up in ther. Let's
work this out for fun in detail.

B — D isospin analysis The initial (B°, B~) and final(D*, D°) arel = 3
doublets, the pions are in dh= 1 triplet. SoD= can be in/ = 3 or 2 state, and the
decomposition is

DOO—\/7|D7T11/2 \/7|D7T13/2
|D+_ \/7|D7TI 1/2 \/7|D7T[ 3/2

|D0 ) = | D’TF [ 3/2) (102)

Theb — cud Hamiltonianis I, I.) = |1,—1). Similarto Sec. 3.1.1, we need to be care-
ful with the relative normalization of th8° and B~ decay matrix elements. The= %
amplitude only occurs iB° decay, and there is no subtlety. The- g amplitude oc-
curs with different normalization in neutral and chardedecay:(B°| H| (D7) ;—3/2) =
(1/+/3)As/2, while (B~ |H|(D7)1=3/2) = As/2. Thus thed; » = Aj;/»/+/3 amplitude

in B° decay needs to be multiplied by3 to get the normalization of th&~ decay
amplitude right. We get

- 1 2
AOO = A(BO — DOTI'O) = —\/jAl/z + \/jAg/g,
At = AB® - Dr~ \/7141/2 + \/7143/2 ;

A" = AB~ — D7) = V3 Ay (103)
This implies the triangle relation:
AT 4 V2 A% = A%~ (104)

A prediction of QCD factorization irB — D decay is that amplitudes involving
the spectator quark in thB going into ther should be power suppress&#;® and
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therefore,

0—
4™ :1+O(AQCD), (105)

|A+_| Mep
or in terms of isospin amplitudes!, , = \/§A3/2 [1 4+ O(Agep/mep)]- In this case
the triangle in Eqg. (104) becomes squashed, and the straagpplifference between
the A, , and A3, amplitudes is suppressed,;, — ds;2 = O(Aqep/mep). The experi-
mental data aré*!43

B(B~ — D7)
— =185+0.2
BB o D) = L8502,
16.5° < 61/2 — 53/2 < 38.1° (90% CL) . (106)

The ratio of branching ratios is measured to be in the ba&llpat.8 also for D replaced

by D* andr replaced by. These deviations from factorization are usually atteolto
O(Aqcp/m.) corrections?™ which could be of orde30% in the amplitudes and twice
that in the rates. One could claim that the strong phase i{0&) should be viewed
as small, sincéa — cos26° ~ 0.1 <« 1. This is open to interpretation, as the answer
depends sensitively on the measure used (and, for exampléjnk of the CKM angle

[ =~ 23.5° as order unity).

Studying such two-body channels it is hard to unambiguodglgtify the source of
the corrections to factorization. The problem is that thieiceuppressed contribution
tothe B~ — D%z~ is formally orderl /N, in the largeN.. limit, and orderAqcp/m.p
in the heavy mass limit, which may be comparable. Factaomdtils even worse in
D — K decays, however this does not show model independentlyn@abrrections
seen inB — D are due ta\qcp/m¢ effects, since the proof of factorization based
on the heavy quark limit does not apply for — K to start with. It does indicate,
however, that the larg&’. limit cannot be the full story.

Factorizationin B — D™ X Another possibility to study corrections to factor-
ization is to consideBB — D™ X decay whereX contains two or more hadrons. The
advantage compared to two-body channels is that the agcafdactorization can be
studied as a function of kinematics for final states with fipadticle content, by exam-
ining the differential decay rate as a function of the ineatimass of the light hadronic
state X 144145135 |[f factorization works primarily due to the larg¥, limit, then its
accuracy is not expected to decrease as the invariant massrof;, increases. How-
ever, if factorization is mostly a consequence of pertuvbaCD, then the corrections
should grow withm . Factorization has also been studied in inclusbe» D™ X
decay, and it was suggested that the small velocity limijt (7. > m, —m. > Aqcp)
may also play an important role in factorizatitfi.

Combining data for hadronicdecay (which effectively measures the hadronization
of a virtuall¥/ to X)) and semileptoni@ decay allows such tests to be made for a variety
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Fig. 21. dI'(B — D*X)/dm%, whereX = 7 n 77" (left) and X = wn (right),
normalized to the semileptonic widii{ B — D*¢’). The triangles aré decay data
and the squares are the predictions usingta. (From Ref. [144].)

of final states. Figure 21 shows the comparison offhe: D*r 7~ 77" and D*wn™
data*” with ther decay*® data. The reason to consider thefinal state is because the
27 and3w channels are dominated by resonances. The kinematic racgssible in

T — 47 corresponds t0.4 Smy, / E4: 0.7 in B — 47 decay. A background to these
comparisons is that one or more of the pions may arise frora#é;, current instead
of the d;y*u;, current. In theur— mode this is very unlikely to be significatt: In
the 7+7~7~7° mode such backgrounds can be constrained by measuring the
D*ntrtn~r~ rate, sincertrTr~ 7~ cannot come from thé;y*u;, current. CLEO
found B(B — D*n*ntrn n")/B(B — D*rTrn m 7w°) < 0.13 at 90%CL in the
m% < 2.9 GeV? region!*® consistent with zero. When more precise data are available,
observing deviations that grow with x would be evidence that perturbative QCD is
an important part of the success of factorizatio®in— D*X.

3.4 Factorization in charmlessB decays

CalculatingB decay amplitudes to charmless two-body final states is esfyen-
portant for the study of’ P violation. There are two contributions to these decays
shown schematically in Fig. 22. The first term is analogouthtoleading term in
B° — D*n~, while the second one involves hard spectator interacfitvere are two
approaches to factorization in these decays, which diffen@n the question of which
of the two contributions is the leading one in the heavy quiank.

8In this case the charged and neutrBl decay rates do not differ significanthi3(B~ —
DOt r=70) = (1.80 £ 0.36)% and B(B® — D**ntr—n—70) = (1.72 £ 0.28)%.147 Their
ratio is certainly smaller then the similar ratio in Eq. (La§pical forB — D™z andD™*)p decays. In
addition,B(B° — D*%rtrt7=7~) = (0.30 & 0.09)% is smalt*® and sensitive to contributions when
the spectator in th& does not end up in thB*.
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Fig. 22. Two contributions t@& — 7wr amplitudes (from Ref. [64]).

Benekeet al. (BBNS)'*® proposed a factorization formula

(n7]O;|B) = F_n / dz T (2) px (z) + / de dz do’ T (€, 2, 2) $5(€) dn(x) ba(a)

(107)
and showed that it is consistent to first orderin TheT’s are calculable short dis-
tance coefficient functions, whereas this are nonperturbative light-cone distribution
functions. Each of these terms have additional scale depeed not shown above,
similar to those in Egs. (60) and (101), which are supposedmael order-by-order in
physical results. A major complication of charmless de@ayaparedB — D is that
understanding the role of endpoint regions of the lightecdistribution functions is
much more involved. BBNS assume that Sudakov suppressimt effective at thes
mass scale in the endpoint regions of these distributioatioms. Then the two terms
are of the same order ifigcp /my, but the second term is suppressedy

Keumet al. (KLS)!! assume that Sudakov suppression is effective in suppgessin
contributions from the tails of the wave functions~ Aqcp/myp. Then the first term
[in Eqg. (107) and in Fig. 22] is subleading and the second avessdhe dominant con-
tribution. This issue is related to Sec. 2.2.2, where an apesstion was the relative
size of the two contributions to the — 7/v form factors in Eq. (60). These form fac-
tors are calculable according to KLS (in terms of the poorigwn B andr light-cone
wave functions), whereas they are nonperturbative infatsdan only be determined
from data according to BBNS.

The outstanding open theoretical questions are to proviatherization formula to
all orders ino (this was claimed very recentf), to understand the role of Sudakov
effects, and to find out which contribution (if either) is dioant in the heavy mass
limit. Before these questions are answered, it is not cleareither approach is right.
A complete formulation of power suppressed correctionssis lacking so far.

Some terms that are formally ord&fcp/m; in the BBNS approach are known to
be large numerically and must be included to be able to desthnie data. These are the
so-called “chirally enhanced” terms proportionalrtd, /(m,m;), which are actually
not enhanced by any parameter of QCD in the chiral limit, they justO(Aqep),
but happen to be large. The uncertainty related to weak datiim contributions also
needs to be better understood. Note that diagrams usuditg @nihilation cannot be
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Experimental  Theoretical Predictions World

Observable BBNS KLS Average
B(?T+ -)
3 —1. 3 —0. 28 £0.04
BK%) 0.3 6 03-0.7 0.284+0.0
(7T$Ki)
9—-14 8—1. 1.0£0.
S BIKY) 0.9 0.8 05 0+0.3

)
2B(r°K") 0 13 08—16 13402
B(n+K°)

T+ B(rTK*
TR (ﬂiKO
T+ B(m™

TRO 2 B(ﬂ‘i 0)

)) 06-10 0.7-1.45 1.1£0.1

0.6 —-1.1 0.56 £0.14

Table 5. Experimental data and theoretical predictiorstfbotions for ratios of3 —
7, K branching ratios (from Ref. [42]).

distinguished from rescattering. THY — D,K data®® seems to indicate that these
are not very strongly suppressed.

3.4.1 Phenomenology oB — wmw, K7

While the two approaches discussed above yield differemepaounting and some-
times different phenomenological predictions, so far #slts from both groups fit (or
could be adjusted to fit) the data on charmless two-bBdyecays. It has also been
claimed that the effects of charm loops are larger than prediby either approach?
Table 5 compares theory and data for ratios of certain clesmsil decay rates. Con-
clusive tests do not seem easy, and it will take a lot of datea about the accuracy
of these predictions. Predictions for strong phases amdftire for directC' P violation
are typically smaller in BBNS than in the KLS approach. Moreqise experimental
data will be crucial.

A CKM fit assuming BBNS and using the — 77, K7 rates and direat’ P asym-
metries is shown in Fig. 23. It yieldsaa- 7 region consistent with the “standard” CKM
fits, although preferring slightly larger valuesof Similar results might be obtained
using the KLS predictions as inputs. A recent analysis iidg pseudoscalar—vector
modes as well finds an unsatisfactory fit to the détd\lote that if the lattice results for
& = (f3.Bs.)/(f3,Bs,) increase when light quark effects are fully understood, the
possibility of which was mentioned in Sec. (1.5), and if Bemass difference is near
the present limits, that would shift the “standard” fit to sswamat larger values of.
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Fig. 23. Fit to charmless two-body decays assuming BBNS (from Ref. [155]).

Many strategies have been proposed to H5€3) flavor symmetry to constrain
CKM angles by combining data from several decay modes. Famele, one might
use a combination oB and B, decays torm, K7, K K final states to gain sensitivity
to v without relying on a complete calculation of the hadronidnmalements’” The
basic idea is thaB;, — 7"7~ andB, — KK~ are related by/-spin, that exchanges
d < s. In such analyses one typically still needs some controt baeronic uncer-
tainties that enter related to, for example, first ordér(3) breaking effects{(-spin
breaking is controlled by the same parameter/A, s5), rescattering effects, etc. The
crucial question is how experimental data can be used taseids on the size of these
uncertainties. Such analyses will be important and areidged in more detail in Frank
Warthwein’s lectures’

Summary of factorization

e In nonleptonicB — D™ X decay, whereX is a low mass hadronic state, factor-
ization is established in the heavy quark limit, at leadindeo in Aqcp /mg.

e Some of the ordefqcp/m. corrections are sizable, and there is no evidence yet
of factorization becoming a worse approximatioin— D) X asm y increases.

¢ In charmless nonleptonic decays there are two approactizsdSEand KLS. Dif-
ferent assumptions and power counting, and sometimesehtferedictions.

e Progress in understanding charmless semileptonic andieasgy form factors in
smallg? region will help resolve power counting in charmless notdajt decay.

e New and more precise data will be crucial to test factormatnd tell us about
significance of power suppressed contributions in varioosgsses.
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3.5 Final remarks

The recent precise determinationsaf 25 and other measurements make it very likely
that the CKM contributions to flavor physics atd violation are the dominant ones.
The next goal is not simply to measyseand, or « and-~, but to probe the flavor
sector of the SM to high precision by many overconstrainiggsurements. Measure-
ments which are redundant in the SM but sensitive to diffesbort distance physics
are very important, since correlations may give additionf@rmation on the possible
new physics encountered (e.g., companog, /Amy with B(B — X (*¢~)/B(B —
Xq0t¢7) is not “just another way” to measul&,/V4|).

Hadronic uncertainties are often significant and hard totjiya The sensitivity to
new physics and the accuracy with which the SM can be testédepend on our abil-
ity to disentangle the short distance physics from nonpleative effects of hadroniza-
tion. While we all want small errors, the history gf reminds us to be conservative
with theoretical uncertainties. One theoretically cleasasurement is worth ten dirty
ones. But what is considered theoretically clean changdstiume, and there is sig-
nificant progress toward understanding the hadronic physiecial both for standard
model measurements and for searches for new physics. Fopéxafor (i) the deter-
mination of|V,,,| from inclusiveB decay; (ii) understanding exclusive rare decay form
factors at small?; and (iii) establishing factorization in certain nonlepimdecays.

In testing the SM and searching for new physics, our undedstg of CKM pa-
rameters and hadronic physics will have to improve in paekaltxcept for a few clean
cases (likesin 23) the theoretical uncertainties can be reduced by doingakerea-
surements, or by gaining confidence about the accuracy ofdtieal assumptions.
Sometimes data may help to constrain or get rid of nasty shivegd to know model
independently (e.g., excited state contributions to aefeocesses).

With the recent spectacular start of tBefactories an exciting era in flavor physics
has begun. The precise measurementsraf; together with the sides of the unitarity
triangle,|V,,/ V.| at theet e~ B factories andV;,/V;,| at the Tevatron, will allow us to
observe small deviations from the Standard Model. The latgtstics will allow the
study of rare decays and to improve sensitivity to obseegihich vanish in the SM;
these measurements have individually the potential tadexgphysics beyond the SM.
If new physics is seen, then a broad set of measurementstat hot and hadronid3
factories andX’ — wrv may allow to discriminate between classes of models. Itis a
vibrant theoretical and experimental program, the breatithihich is well illustrated
by the long list of important measurements where signifigeagress is expected in
the next couple of years:

e |V,4/Vis|: the Tevatron should nail it, hopefully soon — will all thetiae sub-
tleties be reliably understood by then?
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e [3: reduce error imKg, n'Kg, and K K K modes — will the difference from x

become more significant?

Bs: is C'P violation in B, — ¢ indeed small, as predicted by the SM?

Rare decaysB — X,y near theory limited; more precise datagndistribution
in B — X /*t¢ will be interesting.

|V.s|: reaching< 10% would be important. Need to better understang| as
well; could be a BABAR/BELLE measurement unmatched by LHEB{V.

a: Is ther 7~ 7Y Dalitz plot analysis feasible — are there significant resacesa
in addition top7? How small ard8(B — 77%) andB(B — p°7°)?

~: the clean modes are hard — need to try all. Start to undetstsimg data the
accuracy ofSU(3) relations, factorization, and related approaches.

Search for “null observables”, suchasp(b — sv), etc., enhancement &f; ; —
(t¢—, B — (v, etc.

This is surely an incomplete list, and | apologize for all egins. Any of these
measurements could have a surprising result that changégtthre of the field. And it
is only after these that LHCB/BTeV and possibly a supefactory enter the stage.

3.5.1 Summary

The CKM picture is predictive and testable — it passed it feal test and is
probably the dominant source 6fP violation in flavor changing processes.

The point is not only to measure the sides and angles of thariyitriangle,
(p,m) and(«, 3,7), but to probe CKM by overconstraining it in as many ways as
possible (large variety of rare decays, importance of taticns).

The program as a whole is a lot more interesting than anyeimglasurement; all
possible clean measurements, b6th violating and conserving, are important.

Many processes can give clean information on short distahgsics, and there is
progress toward being able to model independently intern@ae observables.
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